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1 Introduction
Low yield strength combined with high formability is required for severe press
forming and good shape fixability of cold-rolled sheet steel. Interstitial Free (IF) steels
are ultra low carbon steels containing a sufficient amount of excess carbonitride
forming elements, such as Ti, Nb and V, which provide excellent deep drawing
capability and non-ageing properties. Such steel grades are extensively applied for
automotive panels. The demand for reduced automotive body weight has lead to
increased strength of IF steels by the addition of solid-solution hardening elements
such as phosphorus. However, phosphorus promotes the cold work embrittlement due
to intergranular fracture. To counteract this, boron is added in order to effectively
inhibit the cold work embrittlement, but as a result, the r-value deteriorates and the
recrystallization temperature is increased, [Kit94], [Mey94]. Thus the attempt was made
to obtain soluble carbon after recrystallization; this can be obtained by high annealing
temperature and higher cooling rates associated with understoichiometric stabilising
conditions of Ti and/or Nb. These sheet steels tend to have bake hardening capability.
Nevertheless, each solution has its own drawbacks in terms of process control and user
properties, e.g. drawability, powdering behaviour of zinc coated sheet steel due to the
absence of dissolved interstitials in the grain boundaries [Mey94]. IF steels have a
decreased grain boundary cohesive strength, due to the lack of solute atoms such as
carbon and nitrogen, [Bha95]. If solute carbon is present before recrystallization takes
place, the favourable (111) texture development is restrained and as a result the r-value
deteriorates.
A remedy could be a defined amount of carbon in solution added after recrystallization
finished, especially in the surface. As a result, the carbon could segregate to the grain
boundary, improving the resistance to cold work embrittlement and the adhesion of
galvanised coatings. Even bake hardenability could be possible.
1.1 Objectives of this thesis
The objective of this thesis can be divided into three parts:
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It is the objective of this thesis to evaluate the possibilities and limits of a change in
surface properties of sheet steel by a short time annealing in reactive atmospheres. Gas
mixtures containing CO, H2 and N2 were used as reactive atmospheres to carburize the
skin; the bulk properties were to be maintained. This could lead to improved
mechanical strength combined with good drawability, resistance to secondary work
embrittlement, bake hardening capability, etc. The coating adhesion of galvanized Ti-
IF steel sheet could be improved due to the presence of dissolved carbon in the grain
boundary at the surface. A short carburizing treatment during continuous annealing
could modify ULC steels at the skin in different ways depending on the carburizing
strength and processing time.
In order to carry out short duration carburizing experiments it was necessary to design
an annealing facility that met several special requirements such as proper temperature
and atmosphere control during soaking, homogeneous cooling of the soaked samples
with protective gas, etc. It was intended to enable different annealing cycles to
simulate industrial continuous annealing processing lines.
The main goal is to change the surface properties of typically produced as cold-rolled
IF steel sheets during recrystallization. The aim is to introduce a certain amount of
carbon or nitrogen to change the chemical composition of the surface. As a result,
materials are produced with gradients of chemical composition and properties between
surface and bulk.
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2 Carburizing principles
The carbon potential of a carburizing atmosphere is defined as the carbon
concentration of a steel sample in equilibrium with the atmosphere at a certain
temperature, [Neu94]. The carbon potential of atmospheres containing CO-H2-N2 can
be determined by gas equilibrium compositions and the gas-gas and gas-metal
reactions, Equation 2.1-Equation 2.5 and the mass action constants, Equation 2.6-
Equation 2.10 and also the fitfunctions, Equation 2.11-Equation 2.15 [Neu94.2],
[Gra94]:
Gas reaction
OHCOHCO 222 +⇔+ Equation 2.1
OHCHH3CO 242 +⇔+ Equation 2.2
OHCHCO 22 +⇔+ Equation 2.3
2O2
1CCO +⇔ Equation 2.4
OHO
2
1H 222 ⇔+
Equation 2.5
Mass action constant
( )
22
2
HCO
OHCO
1 pp
pp
TK
⋅
⋅
=
Equation 2.6
( ) 3
HCO
OHCH
2
2
24
pp
pp
TK
⋅
⋅
=
Equation 2.7
( )
2
2
HCO
OHC
3 pp
pa
TK
⋅
⋅
=
Equation 2.8
Carburizing principles 2-2
CO
5,0
OC
4 p
pa
)T(K 2
⋅
=
Equation 2.9
5,0
OH
OH
5
22
2
pp
p
)T(K
⋅
=
Equation 2.10
Fitfunction
575,1
T
1717-(T)logK1 += Equation 2.11
( ) 48,13
T
11914TKlog 2 −=
Equation 2.12
( ) 496,7
T
7100TKlog 3 −=
Equation 2.13
545,4
T
5927)T(Klog 4 −
−
=
Equation 2.14
2,951
T
13027(T)logK 5 −= Equation 2.15
In the case that the gas composition of the purged gases and the temperature are
measured, the carbon potential can be calculated with the help of an oxygen sensor and
the mass action constants K1...5. The mass action constants are functions of temperature.
Grabke et al., [Gra94], say if atmospheres do not reach equilibrium, the carbon
potential becomes stationary. In this case the fastest reaction rate, CO+H2=C+H2O,
gives the best equilibrium carbon potential compared to the stationary accommodated
carbon potential. Due to the very low-activity reaction rate of the methane
decomposition, CH4=2H2+C, the equilibrium carbon potential of this reaction is far
away from the stationary accommodated carbon potential.
The oxygen partial pressure measured with the oxygen probe, Equation 2.16, gives
the oxygen activity on the electrode surface of the oxygen probe in the reactive
atmosphere.
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With EMF, mV, the electromotive force, general gas constant R = 8.314 Jmol-1K-1,
temperature T, K and the Faraday constant F = 96.57 J (mV mol)-1, the oxygen partial
pressure in the carburizing gas bar,p gasgcarburizinO2 , and oxygen partial pressure in air
bar,pairO2 , oxygen partial pressure. The measured value is a stationary accommodated
value that is a result of the reactions expressed in Equation 2.4, Equation 2.5,
Equation 2.17, Equation 2.18 and Equation 2.19. The hydrogen radicals produced
by the methane decomposition can react with the adsorbed oxygen to CO and H2O.
Under presupposition of an equilibrium between adsorbed oxygen and carbon on
sample surface and oxygen probe surface the stationary carbon activity can be
calculated with Equation 2.9 and Equation 2.14, [Gra94].
adad OCCO +⇔            ad = adsorbed at surface Equation 2.17
2ad COOCO ⇔+ Equation 2.18
OHOH 2ad2 ⇔+ Equation 2.5
2adad34 H2CHCHCH +⇔+⇔ K Equation 2.19
Assuming that the activity coefficient fC is 1mass%-1, Equation 2.20, the carbon
potential of atmospheres containing CO-H2-N2-H2O was calculated.
CCC cfa = Equation 2.20
With 1C %mass1f −=         activity coefficient
The carbon potential, Equation 2.8, is plotted as a function of temperature and
different dew points for two reactive atmospheres: 5%CO/H2-N2 and 20%CO/H2-N2,
Figure 2.1-Figure 2.2. It can be seen that with lower annealing temperatures the
carbon potential increases.
Carburizing principles 2-4
1000 1050 1100 1150 1200
1E-3
0,01
0,1
1
10
100
5%CO-5%H2-N2
DP=-0°C
DP=-10°C
DP=-20°C
DP=-30°C
DP=-40°C
Temperature, K
C(
ga
s),
 
m
a
ss
%
750 800 850 900
Temperature, °C
Figure 2.1: Carbon potential of a 5%CO-5%H2-N2 gas atmosphere as a function of
temperature for various dew points.
Bild 2.1: Kohlenstoffpegel einer 5%CO-5%H2-N2 enthaltenden Gasatmosphäre als
Funktion der Temperatur für verschiedene Taupunkte.
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Figure 2.2: Carbon potential of a 20%CO-20%H2-N2 gas atmosphere as a function
of temperature for various dew points.
Bild 2.2: Kohlenstoffpegel einer 20%CO-20%H2-N2 enthaltenden Gasatmosphäre
als Funktion der Temperatur für verschiedene Taupunkte.
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The higher the water content of the reactive atmosphere is the weaker is the
carburizing effect of this gas mixture, because the direction of the gas metal reaction
CO+H2=C+H2O reverts to equilibrium composition. The fitfunction as expressed in
Equation 2.21 [Gra94] provides information about the water partial pressure in the
reactive gas, expressed as the dew point (DP, °C). The dew point is the temperature
whereas the water of the gas turns from gaseous to condensed water.
( )DP
A
H O B
= − −
−
273
2ln %
13.19B5361AC20DPC0
94.21B6128AC0DPC30
==°≤≤°
==°≤≤°−
Equation 2.21
Equation 2.21, the dew point (DP, °C) is expressed as a function of water partial
pressure (pH2O*100%=%H2O), A, B are constants in different temperature ranges. A
graphic representation of this function is given in Figure 2.3.
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Figure 2.3: Dew point (DP, °C) of a gas atmosphere as a function of water partial
pressure.
Bild 2.3: Taupunkt (DP, °C) einer Gasatmosphäre als Funktion des
Wasserpartialdrucks.
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The carbon potential of the carburizing gas was measured in dependence of increasing
H2 and CO contents with an oxygen probe at 810°C when steady-state was reached for
a mass flow rate of 55 l/min,
Figure 2.4 and
Figure 2.5. Two different ranges of carburizing atmospheres were evaluated: First, the
carburizing atmospheres containing low CO and H2 contents (3-5% H2, 2-5% CO),
second, atmospheres with high CO and H2 contents (15-25% H2 and CO) were tested.
In both figures a carbon potential increase with raising CO partial pressure can be
determined. The carbon potential measured at a certain temperature determines the
ability of a reactive gas to decarburize or carburize a steel. It determines the carbon
content of the steel as also the α/γ-transformation if the carbon potential is higher than
the carbon concentration at A3. If the carbon potential is higher than the carbon
concentration at Acm soot may be produced.
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Figure 2.4: Carbon potential (Cgas, mass %) at 810°C, 55 l/min total gas mass flow, the
measured values were fitted.
Bild 2.4: Kohlenstoffpegel (Cgas, mass% %) bei 810°C, 55 l/min Gasvolumenstrom, die
gemessenen Werte wurden gefittet.
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Figure 2.5: Carbon potential (Cgas, mass %) at 810°C, 55 l/min total gas mass flow, the
measured values were fitted.
Bild 2.5: Kohlenstoffpegel (Cgas, mass% %) bei 810°C, 55 l/min Gasvolumenstrom, die
gemessenen Werte wurden gefittet.
The carbon transfer during gas carburizing takes place in four steps: 1. the diffusion of
the molecules containing carbon, e.g. CO, to the surface, 2. the adsorption of the
molecules at the surface, 3. the decomposition of the CO molecules and 4. diffusion
into the steel. After decomposition the oxygen can react with hydrogen or carbon
oxide to H2O or CO2, which will also react, [Ede90], Figure 2.6. The driving force of
the carbon transfer from gas atmosphere into the steel is the difference of the chemical
potentials of carbon in the atmosphere and the steel surface. If the difference is greater
than zero, the flux of carbon is directed into the steel. If the difference is equal to zero,
equilibrium conditions are met, adsorption and desorption of carbon on the steel
surface is of the same amount. If the difference is lower than zero, the decarburizing of
the steel will take place.
The flux of carbon into the surface of sheet steel is limited by the slowest process,
either the carbon diffusion in the solid or the gas-metal reactions. It can be expressed
by the diffusion equations Equation 2.22-Equation 2.24. Introducing carbon by gas-
metal reactions the rate is limited both by the transfer coefficient β, cm/s, as well as by
the difference between the carbon potential in the reactive gas atmosphere and the
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surface carbon content. Furthermore, the transfer coefficient is affected by the sample
temperature and gas composition. The carbon flux varies during carburizing, due to a
changing carbon concentration gradient and a changing gas composition on the sample
surface where gas-metal reaction products such as CO2 and H2O exist. Therefore, a
slow carburizing treatment can be performed using a lower CO and H2 content, while
higher CO and H2 contents result in a higher carburizing process.
( ) ( )
x
t,xcDccj steelsurfaceCgasCsteelC ∂
∂
⋅−=−⋅= ρρβ Equation 2.22
jC, g cm-2 s-1                          carbon flux
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Figure 2.6: Steps of the carbon transfer into the surface during gas carburizing: 1.
Diffusion of CO gas species to the surface, 2. Adsorption at the surface and
decomposition of CO molecules, 3. After decomposition the oxygen can react with
hydrogen or carbon oxide, 4. The carbon diffuses into the steel.
Bild 2.6: Teilschritte des Kohlenstoffübergangs bei der Gasaufkohlung: 1. Diffusion der
CO Gasmoleküle zur Oberfläche, 2. Adsorption an der Oberfläche und Zerfall der CO
Moleküle, 3. Danach kann der Sauerstoff mit Wasserstoff oder CO reagieren, 4. Der
Kohlenstoff diffundiert in den Stahl hinein.
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3 Literature survey
3.1 Effect of carburizing after recrystallization
Kitamura et al., [Kit94], reported in “ Effect of Carburizing after Recrystallization on
Formability and Bake Hardenability of Ultra Low Carbon Ti-added Cold-rolled Sheet
Steels” about the consequence of replacing the conventional annealing atmosphere with a
carburizing atmosphere. The formability and bake hardenability of ultra low carbon Ti-
added cold rolled steel were improved by the carburizing effect in comparison to
conventional annealing. If the carburizing time during continuous annealing is short, a
very small amount of carbon was added without changes in microstructure. The
resistance to cold work embrittlement and fatigue properties were increased due to the
increase in grain boundary strength. Bake hardenability of about 30MPa was made
possible by controlling the carburizing condition and chemical composition of the steel.
The excellent combination of bake hardenability with r-value was attainable by
carburizing after recrystallization. A part of the added carbon existed in solution, the
other part was trapped by the excess titanium of the steel. The solute carbon was
distributed nonuniformly towards the thickness due to the diffusion of carbon and the
trapping effect of the excess titanium. As a result, the amount of solute carbon was
controlled by the carburizing condition and the amount of excess Ti.
The materials used were Ti stabilised IF steels (13-41 mass ppm C) with excess Ti. The
other steels used had excess carbon due to the insufficient Ti addition resulting in a semi-
IF steel. The excess Ti (Ti*) and excess C (C*) were calculated by the following
equations: Ti*(mass%)=Ti(mass%)-1.5S(mass%)-3.43N(mass%)-4C(mass%) and C*(
mass%)=C(mass%)-[Ti(mass%)-1.5S(mass%)-3.43N(mass%)]/4. The steel samples were
vacuum-melted, hot rolled and cold rolled to 0.8mm thickness. The cold rolled samples
were heat treated in an infrared heating furnace. The used heat cycle was divided into two
parts for the replacement of the atmosphere. In the first part, the samples were annealed
in protective atmosphere (5%H2-N2) at 850°C in the ferrite region. In the second part, the
samples were annealed at 850°C for 60s in different atmospheres: 5%H2-N2 as classical
continuous annealing or 5-10%H2-N2 containing up to 3%CO, dew point was set at –
20°C. In experiments investigating the dew point influence the dew point was controlled
in the range of –10°C to –40°C.
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After the annealing treatment, the microstructure of all samples is a ferrite structure with
polygonal grains. The resistance to cold-work embrittlement was evaluated by the
transition temperature, defined as the temperature at which 50% of the tested cups
fractured. The temperature range was –50°C to –110°C for 10 minutes. The measured
transition temperature of the conventional annealed samples containing a higher amount
of phosphorus (810 mass ppm P) was –63°C, that of the carburized samples was –98°C.
In the carburized case, the transition temperature was 35K lower than the conventional
case. It is supposed that the improvement of resistance to cold-work embrittlement is due
to the strengthening of grain boundary by added carbon and prevention of phosphorus
segregation at grain boundaries by site composition.
Bending fatigue tests showed that the fatigue cycle with applied stress of carburized steel
was similar to that of conventional annealed steel. The fatigue limit of the conventional
annealed steel was 151 MPa and that of the carburized steel was 195 MPa. The increment
in fatigue limit by carburizing was 44 MPa. The increase in surface hardness and residual
stress by carburizing were considered as the main factor of increase in fatigue limit.
However, a large increase in surface hardness (about 10 µm depth) is not achieved in
carburized steel.
Bake hardenability decreased with an increase in dew point. The dew point indicates the
partial pressure of water in the atmosphere. The excessive amount of water in the
carburizing atmosphere caused the most important reaction, CO+H2=C+H2O, to proceed
to the left. The dew point was estimated to be an important parameter due to the large
effect on carbon potential. The decrease of bake hardenability is attributed to the decrease
in the amount of solute carbon. It was considered that the excess Ti combined with the
added carbon, and that the increase in carbon content with increasing the partial pressure
of CO promoted this combination of added carbon with excess Ti. In order to obtain
higher bake hardenability it was suggested to reduce the amount of excess Ti under the
same carburizing conditions.
The r-value of the conventional annealed samples was 2.36. The r-value of the carburized
samples was slightly deteriorated with an increase of bake hardening. The deteriorating
effect was 0.15 at the most. The deteriorating effect is explained to be due to the
inhibition of grain growth at the surface by the increase in carbon concentration and
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precipitates. To obtain a bake hardenability of more than 30MPa a carbon content of 20
mass ppm in excess (solute) is necessary. In the carburizing experiments the solute
carbon was calculated to be sufficient to obtain bake hardenability of more than 30 MPa,
but the experimentally determined bake hardenability was lower than 30 MPa. The
reason was not clear.
Carburized samples showed a carbon gradient from surface to centre. The highest carbon
concentration was measured to be about 40 mass ppm at a depth of 100 µm. The added
carbon was about 10 mass ppm in the centre of sample thickness. The morphology of the
added carbon is explained to depend on the amount of excess Ti. The content of titanium
precipitates as a function of depth from surface is constant for the conventional annealed
samples and a decreasing gradient for the carburized samples.
The solute carbon distribution was considered to be complicated due to precipitates
formed by excess Ti with the added carbon. The high carbon concentration promotes the
combination with the excess Ti. As a result, the amount of solute carbon is very small
near the surface. In the centre the amount of solute carbon is also very small because of
the small quantity of added carbon. By decreasing the amount of excess Ti, the
distribution curve of solute carbon will approximate the curve that decreases from the
surface to centre in the direction of thickness.
The results were summarised as follows:
1. The resistance to cold-work embrittlement and fatigue properties are improved by
carburizing. The strengthening of grain boundary and prevention of phosphorus
segregation at grain boundary by added carbon are considered the main factor
improving these properties.
2. Bake hardenability increases by carburizing. Reducing S and Ti contents of steel
help achieve high bake hardenability under the same carburizing condition.
3. Carburized steel has an excellent combination of bake hardenability with r-value.
4. The added carbon atoms exist as solute carbon and TiC precipitates.
5. The amount of solute carbon in the direction of thickness is estimated in calculation
by the amounts of added carbon and increased precipitates. The solute carbon is
distributed nonuniformly in the direction of thickness. The distribution varies with
the amount of excess Ti and the heat cycle.
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3.2 Method of continuously carburizing steel strip
In 1997, the Kawasaki Steel Corporation, [Kaw97], filed a patent that relates to a
continuous carburizing method in the case of continuously gas carburizing a metal strip,
(EP0626467B1). The strip contains a very low amount of carbon (20 mass ppm). After
heating up to 700-950°C, the strip is first recrystallized in an annealing section for 20s.
Second, the strip is gas carburized in a carburizing section for 10 to 120s. The carburizing
atmosphere contains CO, H2, N2 and H2O whereby the CO concentration is within the
limits of 0-22%, the H2 concentration is within the limits of 0-30%. The hydrogen
concentration is set to the 0.5-1 fold of the carbon oxide. In general all processing
conditions are justified to prevent soot (free carbon). Third, the strip is cooled in two
sections enabling about –5K/s cooling rate down to 500 to 400°C and 250 to 200°C. In
order to obtain conditions such as desired carbon concentration distribution in the steel,
parameters such as atmospheric gas composition, gas concentration, furnace temperature,
strip temperature, strip passing speed (200m per minute), strip dimensions (0.75mm
thickness, 140mm width), mass flow of supply gas (1000Nm3/hour), etc. are controlled
within close limits.
A continuous annealing and carburizing facility was developed in order to improve the
tensile strength, secondary working brittleness, BH properties and spot welding
properties of IF steels. The properties are improved by solid solution carbon in a surface
layer of the strip due to a carburizing treatment. The elongation values and deep
drawability are improved due to the developed (111) texture whereas the ageing index is
obtained by the recrystallization and annealing treatment.
This continuous annealing and carburizing facility is divided into preheating (1) and
heating (2) zone, uniformly heating section (3), carburizing section (4), first (5) and
second (6) cooling zone. The continuously manufactured strip steel has desired values of
surface carburizing depth and carbon concentration distribution. Another method of
controlling the surface carburizing depth and carbon concentration distribution is
mentioned in a Japanese patent (Japanese Patent Publication No. 54-31976). This method
works as follows: First, the carburizing gas is introduced in a carburizing period. In a
second step the diffusion period follows. Under sufficiently reduced pressure with the
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carburizing gas exhausted, the introduced carbon atoms diffuse and a desired carbon
concentration distribution is obtained. The intended distribution of carbon concentration
is controlled by adjusting the carburizing and the diffusion period.
When the amount of carbon in a portion of thickness is large and the carburizing time is
long, the rate of carburizing is normally proportional to the square root of time. This
carburizing gain area is called a diffusion-governing (diffusion controlled) area, since the
rate of carburizing is proportional to the rate of carbon diffusion into the metal structure
after the carbon concentration reaches an equilibrium concentration between the strip and
the gas atmosphere.
When the amount of carbon in a portion of thickness is small and the carburizing time is
very short, the rate of carburizing is proportional to the rate of carbon reaction directly on
the metal surface. This carburizing gain area is called a surface reaction-governing
(reaction controlled) area, since the carbon concentration in the surface layer portion does
not reach equilibrium concentration.
The patent states that if a reduction in secondary work brittleness is the object of
improvement, it is necessary to obtain a carbon profile that is very small in carbon
concentration and carburizing depth. In this case it is necessary to perform the
carburizing treatment in the reaction controlled area. It was found that the amount of
carbon added into the steel strip cannot be controlled by a carbon potential (C potential)
such as the conventional CO/CO2 control, etc. These carbon potential controls presume
that the metal surface is in equilibrium with the carburizing atmosphere.
The gas carburizing conditions can be obtained by chemical equilibrium. The carburizing
gas composition is obtained by solving non-linear simultaneous equations from the
equilibrium relations of individual reactions. The patent states that it is very difficult to
obtain a correct limit of soot generation from the reaction equations.
Several variables are computed in the patent. The following variables were taken into
consideration: composition of carburizing atmosphere containing CO, H2, H2O, CO2, a
formation of soot is prevented according to CO/CO2 concentration and steel temperature,
the total carburizing quantity, as a solid solution of C, is based on the surface carburizing
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reaction rate and the carbon-into-steel diffusion model 2. Fick′s law. Variables such as
input conditions given by specification factors of the steel strip after carburizing, mass
flow rates of the used gases, the target carburizing quantity, steel strip speed, size of steel
strip, desired carbon concentration distribution in the steel strip thickness. A special
carbon concentration at a designated depth from steel strip surface is considered.
To obtain the carburizing quantity in the reaction controlled area the reaction rate has to
be time integrated, whereas the carburizing time is determined by the steel strip speed. It
was also found that the most effective carburizing gas composition is a mixture of carbon
oxide and hydrogen, and that carbon dioxide and H2O affect the carburizing reaction. It
was stated that it is possible to reduce the concentrations of CO2 and H2O in the gas
composition by increasing the mass flow rate of the supply gases and vice versa.
The carbon concentration distribution is controlled at a depth of 10 to 250µm from the
steel strip surface. In case of decarburizing conditions during cooling, the carbon
concentration distribution forms a maximum value in a depth of about 10 to 50µm. The
carbon concentration is decreased as the depth is increased.
The following possible problems have to be avoided by strictly controlling the
carburizing conditions. When the strip temperature is below 700°C, the reduced
carburizing reaction rate and the reduced heat treatment productivity result in deteriorated
material characteristics. In case of soot production, the surface properties deteriorate and
the post processes are negatively influenced. When the carburizing reaction is promoted
and as a result the dew point is raised, the carburizing reaction will be disturbed and the
surface will be oxidised, causing temper colours.
3.3 Continuous annealing line with carburizing/nitriding furnace
In 1995, the Kawasaki Steel Corporation, [Kaw95] filed a patent relating to a continuous
annealing line for cold-rolled steel sheets with carburizing and nitriding furnaces between
a heating or soaking furnace and a cooling furnace, (EP 0472940B1). The carburizing
atmosphere consists of gases such as CO (5-10%), CO2, H2 (2-4) and N2. The CO/CO2-
ratio ranges between 15 and 20. The used mass flow rate exceeds 1000Nm3/hr. The
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continuous annealing line is heated by radiant tubes. After heating up to 120°C, the strip
is heated in a second step up to soaking and carburizing temperature. In the first cooling
section the strip temperature decreases with -20K/s down to 500°C, in the second cooling
the temperature is decreased to 250°C.
The carburizing section can also be used for nitriding. In that case, a N2, H2 and NH3 gas
mixture is used. This section can also be used to apply both carburizing and nitriding at
the same time. The carburizing section has three furnaces. In each furnace, several
cooling nozzles and radiant tubes are arranged alternately at both sides of the strip. The
cooling gas impinges at a right angle onto the steel strip. The function of the carburizing
section is computer controlled. According to the strip speed the carburizing section can
be used as a carburizing and/or nitriding furnace or as a cooling section. When switching
the carburizing mode to cooling mode, the fuel gas supply of the radiant tubes is stopped
while the cooling gas mass flow is enabled, whereby the furnace temperature is lowered.
The switching between carburizing and cooling mode is effected for each of the furnaces
independently. This results in highly accurate control and high speed response to any
change of velocity of the steel strip. The carbon content should be a minimum of 100
mass ppm in a surface layer of 0.5 to 100µm, while the atmosphere temperature ranges
between 650 and 900°C. A temperature below 650°C reduces the heat treating efficiency
due to a too slow carburizing reaction. If the temperature exceeds 900°C the carbon
diffuses without being fixed in the surface region.
3.4 IF steel strengthening by reactive annealing
Willem et al., [Wil98], described in “IF steel strengthening by reactive annealing: a
promising route to formable high strength steels” the enhanced properties of continuous
annealed strip steel comprising carburizing.
The annealing and hot dip galvanising tests were carried out in a Rhesca laboratory
annealing and hot dipping simulator. 5%H2-N2 was used as protective gas atmosphere
and CO-H2-N2-H2O mixtures were used as gas carburizing atmospheres. The materials
used were Ti stabilised IF steels. The carburized samples were compared to reference
annealed (5%H2-N2) samples. Due to the necessity of changing the atmosphere during the
continuous annealing, the annealing tests had to be split into parts. In the first step, the
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samples were recrystallized under protective atmosphere (5%H2-N2) for 1s at 810°C. In
the following steps different carburizing treatments were arranged:
1. Low CO and H2 contents were used in this carburizing atmosphere, resulting in a
slow reaction rate. The samples were carburized at 810°C for 60s.
2. Higher CO and H2 contents were used in this carburizing atmosphere, resulting in
a high reaction rate that transformed the surface to austenite at 810°C in a few
seconds. After carburizing, a classical continuous annealing cycle under
protective atmosphere was applied in order to destabilise the carbon saturated
austenite layer to let carbon diffuse into the bulk.
3. In this cycle, higher CO and H2 contents were used for 60s at 810°C. This resulted
in a carbon saturated austenite layer on the first tenth of micrometers. After the
carburizing treatment, soaking under protective atmosphere was applied in order
to remove possible soot from the surface.
As a result of the first and second reactive annealing cycle the Ti-IF steels (DDQ)
showed a bake hardening capability. The DDQ-BH steels produced this way showed a
homogeneous microstructure and a homogeneous carbon distribution through the whole
thickness. The third reactive annealing cycle produced a carbon saturated layer combined
with a soft ferritic core. The austenite layer can be pearlitic, bainitic or martensitic
depending on the steel composition, cooling rate and post treatment.
It is reported that the added carbon diffuses into the sample at 810°C to precipitate very
rapidly with titanium to form TiC. After 60s the carbon atoms diffuse further into the
depth if all Ti atoms available for precipitation have been consumed in the skin. When
steels containing different Ti concentrations are submitted to the same carburizing
conditions, the carbon pickups were equivalent, while the carbon gradients into the
sample depth were different: the lower the titanium content, the lower the carbon
gradient. The increase in yield strength (60 MPa) and tensile strength (35 MPa) could be
obtained depending on added carbon and the Ti content. The higher the titanium content,
the lower the increase of strength was due to absence of solid solution hardening carbon.
However, at conventional continuous annealing temperatures, the effect of TiC formation
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does not lead to any fine TiC precipitation hardening. It is noted the strength increase of
the formed duplex steel (a carbon saturated austenite layer of a few µm at the skin and a
soft ferritic core in the bulk) is related to the layer thickness and the microstructure of the
superficial layer.
If recrystallization can occur without any interference of the carburizing treatment, new
grains with the favourable (111) texture can nucleate in an interstitial free matrix. As a
result good deep drawing qualities are obtained by the reactive annealing.
The carburized samples were overaged at 480°C for 180s. However, a yield point
elongation (YPE) was then present. A YPE of 10% were observed, but the YPE could be
easily reduced by a temper rolling lower than 1%. Due to the ageing sensitivity of steels
that are not fully stabilised with Ti at a part of thickness, the carbon content and gradient
has to be properly controlled in order to optimise the bake hardenability while keeping
ageing as low as possible. In regard to this a DDQ sheet steel with a bake hardening of 40
MPa, associated with higher yield and tensile strength and limited ageing was produced.
In connection with the yield strength increase the carburizing treatment was beneficial to
denting resistance. The resistance against secondary work embrittlement was improved
by the added carbon interstitials in a part of thickness of Ti-IF and Ti-P-IF steels.
IF steel was galvanised after a carburizing and a classical annealing treatment. No
wetting problems or surface flaws due to a possible poor surface cleanliness were
observed. The presence of solute carbon in the grain boundaries led to a lower Fe/Zn
reactivity in the zinc bath and thus to a better control. However, if a superficial pearlite
layer is formed, the Fe/Zn reactivity is increased. The steels showing a bake hardening
capability combined with a lower Fe/Zn reactivity were submitted to a galvannealing
treatment at 480°C for 20s and 30s, respectively. The adherence was evaluated in cup test
measurements. The coating of both steel grades had a Fe content of 9.5 mass %, the
powdering level of both steels was 22mg/cup. Steels with a superficial pearlite layer were
subjected to the same galvannealing treatment. The powdering level was increased up to
71 mg/cup due to the higher Fe/Zn reactivity and the higher Fe content in the coating (11
mass %). It is stated that the formation of a superficial layer could be a good way to
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increase the reactivity during the alloying process of critical steel grades such as high P
and Si steels.
A suitable choice of processing parameters, i.e. a high carbon potential in the reactive
atmosphere, enables a very brief carburizing treatment (in a few seconds). As a result, the
reactive atmosphere can be restricted to a short section of the continuous annealing line.
The reactive annealing treatment could be implemented in existing annealing lines with
minor modifications.
3.5 Cold-rolled or hot-dip galvanized cold-rolled steel sheets for deep
drawing
In 1991 Kabushiki Kaisha Kobe Seiko Sho, [Kab91], filed a patent relating to cold-rolled
steel sheets or hot-dip galvanized cold-rolled steel sheets for deep drawing which have
excellent resistance to cold-work embrittlement or bake hardenability and more
particularly to hot-dip galvanized cold-rolled steel sheets which have excellent deep
drawability and adhesion of galvanized coating.
Cold-rolled steel sheets used for automotive parts are required to have good press-
formability and good corrosion resistance. In order to meet these requirements, elements
such as Ti and Nb were added to stabilize C and N to develop a (111) texture which is
advantageous for deep drawing and for the galvanizing of the steel.
However, ultra low carbon steels in which C and N are sufficiently stabilized by the
carbonitriding forming elements such as Ti and Nb, have the problem that cracking due
to brittle fracture occurs in the cold-work after press forming. P-added interstitial free
(IF) steels are problematic, because P segregates to the grain boundary to promote
brittleness of the grain boundary. This is due to the stabilization of solid solute C in the
steel, resulting in nonsegregation of C into the ferrite grain boundary and accordingly in
an embrittled grain boundary. In case of hot dip galvanizing, the molten zinc easily
intrudes this embrittled grain boundary to increase the brittleness. As a result these hot
dip galvanized steel sheets are problematic regarding powdering or flaking of the
galvanized coating during press forming. As a possible solution, solid solute C and N
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were left in the steel by regulating the addition of Ti and Nb. As a result, the r-value and
ductility deteriorated and the press formability is lowered.
In order to improve the resistance to cold work embrittlement of deep drawable steel
sheets a carburized layer at the surface was proposed. The steel sheets in which C is
stabilized by Ti and Nb were carburized in open coil annealing. The carburized layer had
an average amount of C between 0.02 mass % and 0.10 mass %, and there was a
difference in ferrite grain size between the surface and the centre. However, the batch
annealed coils have disadvantages, because the mechanical properties are inhomogeneous
in the direction of rolling and the sheet width.
Beside the demand of improved resistance against cold work embrittlement there was a
requirement of bake hardenability of deep drawable steel sheets. However, if a small
amount of C in solid solution and N is left in a Ti stabilized steel sheet the r-value
deteriorates and as a result the press formability is lowered. However, if C and N are
sufficiently stabilized with Ti and Nb, the bake hardenability is not obtainable. Press
formability and bake hardenability are substantially incompatible with each other.
The chemical composition of the used steels (type I) and in particular one steel as an
example (type II) is given in Table 3.1. The steels have excellent deep drawability and
excellent resistance to cold work embrittlement or bake hardenability.
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Chemical composition, 10-3 mass %
Steel C S P N Mn Si Cr Ti Nb sol.
Al
B Ti* X
I ≤10 ≤20 ≤100 ≤6 50-
1000
≤200 N/A 1) 1) 5-80 3 1)2) 1-4.5
II 1.3 2.6 18 3.1 180 <1 N/A 28 - 29 - 13.5 2.60
1)
 
)12(
)9348(
*
C
NbTi
X
+
=  and 5.41 ≤≤ X
2)
 )N%42.3S%5.1(Ti%)N%1448S%1248(Ti%Ti totaltotal
* ×+×−=×+×−=
N/A.: not available
Table 3.1: Chemical composition of the steels used (steel I) and, in particular, one
steel as an example (steel II). The Ti*-value is the amount of titanium that is not fixed in
precipitations. X is the ratio of excess Ti and Nb to C, [Kab91].
Tabelle 3.1: Chemische Zusammensetzung der verwendeten Stähle (Stahl I) und
insbesondere eines Stahls II als Beispiel. Der Ti*-Wert ist die Menge an Titan, die nicht
in Ausscheidungen abgebunden ist. X ist das Verhältnis von Ti im Überschuss und Nb zu
C, [Kab91].
The annealing atmosphere shall be a carburizing atmosphere, controlled by carbon
potential. If the recrystallization is completed, the added interstitials do not deteriorate
the formation of a favourable r-value, which is produced by the formation of the (111)
texture. The carbon that is not stabilized as TiC and NbC segregates to the grain
boundaries, improving the resistance to cold work embrittlement and the adhesion of
galvanised coating. The specific amount of C in solid solution improves bake
hardenability. An overageing treatment is not required, but may be applied at a
temperature near the coating bath temperature.
Cold work embrittlement starts at the surface layer in Ti stabilized ultra low carbon
steels, because of the high purity of the grain boundary resulting in lowered Fe-Fe bond.
During galvanizing the Zn diffuses to the grain boundary, further lowering the Fe-Fe
bond. Both problems can be solved by segregating carbon to the grain boundary.
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Cold rolled steel sheets or hot dip galvanized cold rolled steel sheets have excellent deep
drawability if the steel sheet has a concentration gradient in which the carbon content
decreases from surface to centre. In order to provide excellent resistance to cold work
embrittlement, the maximum content of carbon in solid solution is set to 15 mass ppm in
a one-tenth gauge ratio (1/10 of thickness) while the amount of carbon in the centre is set
at 2 to 10 mass ppm. If the amount of solid solute carbon exceeds 15 mass ppm at the
surface and the solid solute carbon in the bulk exceeds 10 mass ppm, the effect of
improvement in resistance to cold work embrittlement is effective. If the solid solute
carbon content in the bulk is lower than 2 mass ppm a sufficient improvement in
resistance against cold work embrittlement is impossible.
Hot dip galvanized cold rolled steel sheets of the same chemical composition have
excellent deep drawability and excellent adhesion of the coating if a solid solute carbon
gradient reaches 10 to 100 mass ppm in a depth of 100µm. If the amount of solid solute
carbon is under 10 mass ppm in a depth of 100µm, the adhesion of a galvanized coating
cannot be sufficiently improved. If the amount of solid solute carbon exceeds 100 mass
ppm a deterioration occurs due to ageing properties. To solve the problems the amount of
solid solute carbon has to be regulated in 100µm depth to be in the range between 10-100
mass ppm.
Steels of the same chemical composition as described above have excellent bake
hardenability if a maximum content of carbon in solid solution is set to 60 mass ppm in a
one-tenth gauge ratio (1/10 of thickness) while the amount of carbon in the centre is set at
5 to 30 mass ppm. If the solid solute carbon content at the surface exceeds 60 mass ppm
it becomes impossible to decrease the amount of solid solute carbon in the bulk below 30
mass ppm. As a result the mechanical properties are deteriorated by ageing. On the other
hand, if the amount of solid solute carbon is below 5 mass ppm, bake hardening is
impossible.
The solid solute carbon gradient profiles of an ultra low carbon IF steel for two
carburizing gases (B and C) is given in Figure 3.1. Due to carburizing, the solid solute
carbon content is high at the surface, i.e. 75 mass ppm, and decreases to 30 mass ppm in
the centre for carburizing gas C. The mean value of solid solute carbon is 45 mass ppm.
The carburizing with the weaker carburizing gas B formed a softer carbon gradient. In
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this case the surface solid solute carbon content is about 18 mass ppm C, while the
amount in the centre is 5 mass ppm C. The mean value of solid solute carbon is about 8
mass ppm.
Figure 3.1: Solid solute carbon content as a function of gage ratio of steel sheet
thickness for carburizing gas B and C, steel type II (Table 3.1), [Kab91].
Bild 3.1: Im Festen gelöster Kohlenstoff als Funktion der Dicke eines Stahlblechs, Stahl
II (Tabelle 3.1), [Kab91].
The ageing property was evaluated as the ageing index (AI, MPa). The ageing index is
the difference between a stress at 10% stretching (σ1) and lower yield stress after
additional ageing for 1 hour at 100°C (σ2), AI = σ2 - σ1. The bake hardening was
obtained as the difference between a stress at 2% stretching (σ3) and lower yield stress
after ageing for 20 minutes at 170°C (σ4), BH2 = σ4 - σ3. After an annealing treatment in
different carburizing gases, the mechanical properties such as ageing properties etc. were
evaluated, Table 3.2. The carburizing formed a carbon gradient that led to ageing,
whereas no ageing occurred in the case of annealing under protective atmosphere. The
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higher the solid solute carbon concentration profile in steel sheet thickness, the higher
was the ageing index and bake hardening. The carburizing gases B and C led to an ageing
index of 19 and 59 MPa, bake hardening of 29 and 74 MPa, respectively.
Type of gas AI, MPa BH2, MPa
N2-H2 gas, A 0 0
carburizing gas, B 19 29
carburizing gas, C 59 74
Table 3.2: Ageing properties for reference annealed in protective atmosphere (A) and
carburized steel sheets (B and C) of steel II (Table 3.1). The samples were first
recrystallized for 1 minute at 800°C and subsequently hot dip galvanized at 450°C and
0.8% skin pass treated, [Kab91].
Tabelle 3.2: Alterungseigenschaften für Referenzproben, die unter Schutzgas geglüht
wurden (A) sowie carburierte Stahlbleche des Stahls II (Tabelle 3.1). Die Proben wurden
zuerst rekristallisiert für 1 Minute bei 800°C und anschließend im
Schmelztauchverfahren verzinkt und um 0,8% dressiert, [Kab91].
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4 Design of an annealing simulator
4.1 Specification
In order to carry out experiments on reactive annealing a new laboratory annealing
simulator had to be designed. Different requirements and features had to be considered:
1. The system sections should be arranged horizontally because of the available
laboratory space and the thermal expansion of heated furnace tubes, etc.
2. Hot-wall technology with resistance heating is used to enable indirect heating of the
sample and the gases.
3. The samples should have a maximum size of approximately 750×200 mm2.
4. It should be possible to anneal samples with different mixtures of N2, H2 and CO to
enable a reactive annealing cycle.
5. The cooling should be adjustable over a wide range. If a carburizing treatment is
performed, the samples have to be cooled in a protective atmosphere to avoid possible
surface oxidation.
6. Data acquisition and storage has to be possible in order to analyse and reproduce the
annealing processes.
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4.2 General outline
At the Department of Ferrous Metallurgy at RWTH Aachen an annealing facility was
constructed in order to simulate a variety of heat treatments for strip steel,
Figure 4.1-Figure 4.4.
1
2
3
4
9
5 56
7
8 8
7
Figure 4.1: Drawing of annealing simulator at the Department of Ferrous Metallurgy
(IEHK) at RWTH-Aachen, 1. 3-heating-zone-furnace (28 kW) with tube (∅inner 280mm)
for protective and reactive atmospheres (first furnace), 2. Oxygen probe, 3. 3-heating-
zone-furnace (14 kW) with tube (∅inner 230mm) for overageing in protective
atmospheres (second furnace), 4. Cooling section, 5. Door, 6. Pneumatic cylinder,
sample carriage, 7. Gas inlet, 8. Gas outlet, 9. Sample (heating and cooling position)
Bild 4.1: Zeichnung des Blechglühsimulator im Institut für Eisenhüttenkunde (IEHK)
der RWTH-Aachen, 1. 3-Zonenofen (28 kW) mit Rohr (∅innen 280mm) für Schutzgas und
reaktive Gasatmosphäre (erster Ofen), 2. Sauerstoffsensor, 3. 3-Zonenofen (14 kW) mit
Rohr (∅innen 230mm) für Überalterung unter Schutzgas (zweiter Ofen), 4.
Abkühlkammer, 5. Tür, 6. Pneumatikzylinder, Probenschlitten, 7. Gaseinlass, 8.
Gasauslass, 9. Probe (Heiz- und Kühlposition)
5000mm
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Figure 4.2: Annealing simulator at the Department of Ferrous Metallurgy at RWTH-
Aachen.
Bild 4.2: Blechglühsimulator im Institut für Eisenhüttenkunde der RWTH-Aachen.
Figure 4.3: Annealing simulator at the Department of Ferrous Metallurgy (IEHK), first
furnace, cooling section and second furnace.
Bild 4.3: Blechglühsimulator im Institut für Eisenhüttenkunde (IEHK), erster Ofen,
Abkühlkammer und zweiter Ofen
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Figure 4.4: Details of the cooling section, sample hanging at the carriage and set of
nozzles removed in order to enable better loading.
Bild 4.4: Details der Abkühlkammer, Probe hängt am Probenschlitten sowie
umgeklappter Düsenstock, um das Beladen der Probe zu erleichtern.
This facility contains two 3-heating-zone-furnaces with 14 and 28 kW power for a
maximum temperature range of up to 1100°C. In each furnace there is a tube in which the
samples can be annealed under controlled atmospheres. The gas mix is controlled by
digital mass flow controllers, a mixture of different amounts of N2, H2 and CO is
possible. An oxygen probe is placed in the tube of the first furnace to provide an on-line
process measurement. Due to the rotation of the sensor head in the furnace, an accurate
signal was achieved. Since all incoming gas components and the temperature are known,
the measured signal can be used to calculate the carbon potential and the water content.
Between the two furnaces the cooling section is placed. Cooling rates up to 35K/s can be
performed with gas nozzles and forming gas in a temperature range of 723-300°C. To
achieve different cooling rates, the cooling gas mass flow rate can be regulated by a
digital mass flow controller.
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The transport system is controlled by an electro-pneumatic device and provides high
transfer speed. The sample is put into the cooling section mounted on a transport
carriage. The annealing procedure starts as follows: After opening the tube door the
sample carriage is placed in the centre of the furnace by pneumatic cylinders. Closing the
door will start the annealing cycle. After annealing in the first furnace, the sample is
taken out and placed in the cooling section to start the quenching. When cooling is
finished, the procedure can be started again. The sample can be placed in the second
furnace for further heat treatment.
4.3 Assembly of the annealing simulator
The simulator contains several parts as well as the process control and the supplement.
The arrangement of the simulator assembly is given in a flow chart, Figure 4.5. The
assembly is structured from large to detail. The function and specification of the parts is
described in the following paragraphs.
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Figure 4.5: Flow chart of the simulator assembly
Bild 4.5: Flussdiagramm des Simulatoraufbaus
Design of an annealing simulator 4-7
4.4 System sections
The annealing simulator is a machine that contains system sections such as the furnace
section, i.e. 1st and 2nd furnace, the cooling section, the process control such as man-
machine-interface with computer programs and measurement and the supplements such
as the gas supply, the cooling of the simulator and the exhaust system.
4.4.1 Furnace section
4.4.1.1 Temperature control
The 1st furnace consists of 3 heating zones (230mm/575mm/230mm), with 28 kW power
for a maximum temperature range up to 1100°C. A tube of ∅inner 280mm and ∅outer
300mm, 1.4877 material, is placed in this furnace. The temperature is cascade controlled
to obtain improved control when a process has a large lag. A master/slave configuration
allows the control of 2 linked loops: The slave loop must act faster than the master. The
slave controls the process variable, i.e. the temperature of the heating. The master
monitors and controls the process: measuring the temperature in the furnace tube and
changing the slave’s set point.
The 2nd furnace consists of 3 heating zones (333mm/333mm/333mm), with 14 kW power
for a maximum temperature range of up to 1100°C. A tube of ∅inner 230mm and ∅outer
240mm, 1.4828 material, is placed in this furnace. The temperature is master/slave
controlled. The master controls the centre zone temperature, the slaves control the outer
heating zones.
4.4.1.2 Oxygen probe
The oxygen probe is commonly used in annealing atmospheres containing CO-H2-N2 to
measure the oxygen partial pressure in the furnace atmosphere, [Ede90]. The measuring
range for oxygen is 1bar to 10-24 bar. At temperatures over 600°C the oxygen probe gives
an appropriate signal, the electromotive force EMF. This signal is proportional to the
difference between the oxygen partial pressures in the furnace atmosphere and the
reference atmosphere, e.g. air. The greater the difference of oxygen partial pressures, the
Design of an annealing simulator 4-8
larger and more accurate is the signal. The EMF is in the range of 1000mV and is used to
calculate the pO2 in the reactive annealing atmosphere. The EMF signal can be used to
calculate several parameters:
• By knowing the EMF, the pO2 in air (0,209 bar) and the temperature the pO2 in the
furnace atmosphere can be calculated directly using Equation 2.16.
• If the hydrogen partial pressure is known, the calculated pO2 value can be used to
calculate the water partial pressure, Equation 2.10.
• If the CO partial pressure is known, the carbon potential in the carburizing
atmosphere can be calculated, Equation 2.9.
The construction of the oxygen probe is schematically shown in Figure 4.6. A special
feature of the oxygen probe is the rotating zirconia. The outer Pt electrode of the zirconia
rotates against a static protection tube. Due to the rotation, a piece of the Pt electrode
surface is fresh resulting in accurate EMF-values.
Figure 4.6: Schematic view of an oxygen probe
Bild 4.6: Schematische Darstellung einer Sauerstoffsonde
thermocouple
   pO2(atmosphere) = 0,21
reference atmosphere (air)
furnace atmosphere
  zirconia
    active part of measurement
Pt electrodes
  pO2(furnace)
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4.4.1.3 Gas inlet
The insertion of the reactive gas into the 1st furnace is of great importance. Two gas lines
are separated: the protective gas (hydrogen and nitrogen) is preheated in the furnace tube
before it contacts the sample surface. The CO line is as short as possible to prevent the
carburizing of the CO line tube. In case of filling a reactive gas mixture the preheated H2-
N2 will be mixed with the not pre-heated CO. The advantages are obvious: The inserted
gas mixture directly rinses around the sample at an estimated volume of about 10l. This
space is filled immediately, but to fill the whole tube volume of about 100l with the gas
mixture takes a longer time. If the reactive gas were to be mixed before it is inserted into
the furnace, the line tube would be highly carburized, CO and H2 would react directly. If
the gases are purged against the furnace tube to enable a higher heating rate of the gas,
the carbon potential would be high at the furnace tube surface and low in the centre. For
that reason a higher mass flow of reactive gas had to be set until the entire furnace
volume of about 100l consists of the desired gas mixture. The oxygen probe is near the
sample and monitors the atmospheric change online without a lag, Figure 4.7.
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1. Furnace tube
2. Oxygen probe
3. Sample
4. Preheating tube for forming gas
5. Tube for CO
1. Ofenrohr
2. Sauerstoffsonde
3. Probe
4. Rohr für die Gasvorwärmung
5. Rohr für CO
Figure 4.7: Drawing of the 1st furnace tube containing oxygen probe and gas preheating
Bild 4.7: Skizze des Ofenrohres (erster Ofen) mit Sauerstoffsonde und Gasvorwärmung
1
2
5
3
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4.4.2 Cooling section
A section for transportation and cooling procedures is placed between the two furnaces,
Figure 4.8-Figure 4.9. The cooling section (1) is closed to the atmosphere. It contains
features such as furnace doors of the 1st and 2nd furnace (3) with rubber seals that are
pressed on water-cooled flanges (2). The door lock works with pneumatics cylinders and
springs (9). The furnace doors can be opened with connected pneumatics cylinders at the
roof (5). The transportation system consists of several pneumatic cylinders and bar
linkages (4 and 11) that move the marked sample carriage (8) into the furnaces and back.
The carriage moves on rails (7). The pneumatic cylinder moving the sample carriage
from the cooling section into the furnace has a free path of 800mm. However, to place
the sample with the carriage in the centre of the furnace, the bar linkage moves it first
800mm into the furnace, unlocks the carriage and positions it in a second step in the
middle of the furnace. The positioning has to be very accurate, because the bar linkage
expects the carriage at the same position when the unloading procedure starts. If the mark
of the carriage does not stay at the desired position, the carriage remains in the furnace.
To prevent this failure the positioning speed was reduced from 750 mm/s to about
100mm/s. In addition the material of the carriage is an invar alloy. It has a low thermal
expansion coefficient, although the invar effect disappears in higher temperature ranges
greater than 800°C. If an explosion should happen a bursting disk is provided at the back
of the device (10). The light barriers that are used for a safety run of an annealing
procedure are described among other things in an extra chapter, 4.5.4 Signals and
measurement.
The samples are cooled by nozzles on each side and a gas mass flow of a
hydrogen/nitrogen mixture of up to 1000l/min (6) is possible.
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Figure 4.8: Cross section of the cooling section with details, (1) cooling section,
(2) water-cooled flanges, (3) furnace door, (4) pneumatic cylinder for sample
transportation, (5) pneumatic cylinder for opening and closing the furnace doors, (6)
cooling nozzles, (7) frame with rails for the sample carriage, (8) sample carriage, (9)
door lock with pneumatic cylinder and springs, (10) bursting disk, (11) bar linkage with
pneumatic cylinder, [Rad98].
Bild 4.8: Seitenansicht der Abkühlkammer mit Details, (1) Abkühlkammer, (2)
wassergekühlter Flansch, (3) Ofentür, (4) Pneumatikzylinder zum Probentransport, (5)
Pneumatikzylinder für das Öffnen und Schließen der Ofentür, (6) Abkühldüsen, (7)
Rahmen mit Schienen für den Probenschlitten, (8) Probenschlitten, (9) Türverschluss
mit Pneumatikzylinder und Feder, (10) Explosionsschutz, (11) Transportstange mit
Pneumatikzylinder, [Rad98].
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Figure 4.9: Interior view of in the cooling section towards 1st furnace with details,
explanation of the numbering see Figure 4.8, [Rad98]
Bild 4.9: Innenansicht der Abkühlkammer in Richtung erster Ofen mit Details,
Erklärung der Nummerierung siehe Bild 4.8, [Rad98]
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The cooling condition had to be optimised, the results are shown in the following. A
constant mass flow of all used cooling nozzles is a prerequisite for homogeneous cooling.
In order to guarantee this, the pressure in front of the nozzles was checked with a Pitot
tube. To minimise the deviations several nozzles were exchanged for each other. A set of
good working parameters was found: the distance between nozzle and sample is set at
50mm, nozzle and nozzle at 50mm and the stroke of the horizontal movement of the
nozzles also at 50mm. The frequency of the horizontal movement is set to a maximum
value of 2.5Hz to have the most homogeneous cooling field. The mass flow of cooling
gas was set to the maximum value of 1000 l/min forming gas (N2-7%H2) and the number
of nozzles to five each side.
If smaller sample sizes are used, e.g. 210x80x0.8mm3, the number of nozzles can be
easily reduced by closing ball valves. The nozzles can be moved horizontally to enable
homogeneous cooling. The number of used nozzles for the chosen sample size, the
distance between nozzle and sample and the distance between nozzle and nozzle had to
be figured out properly to have the best possible homogeneous cooling condition. It was
found that 5 nozzles each side of a 210x80x0.8mm3-sample was the best in terms of
homogeneous cooling, Figure 4.10 and Figure 4.11.
Figure 4.10: Arrangement of the cooling nozzles in cooling position (1) and removed
when the sample is loaded or unloaded (2), the sample is hanging at the carriage (3)
Bild 4.10: Anordnung der Düsen in Kühlposition (1) und zurückgeklappt, wenn die
Probe be- oder entladen wird (2), die Probe hängt an einem Transportschlitten (3)
1
2
3
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Figure 4.11: Top view of the arrangement of cooling nozzles, 5 nozzles are arranged
each side for a sample with the dimension 210mm length, 80mm width and 0.8mm
gage.
Bild 4.11: Draufsicht auf die Anordnung der Abkühldüsen, 5 Düsen sind pro Seite
angeordnet für eine Probe der Länge von 210mm, Breite von 80mm und Dicke von
0,8mm
In order to determine the best set of cooling parameters the cooling process had to be
monitored by thermography. The experimental set-up is schematically shown in Figure
4.12. In order to avoid any oxidation on the sample surface, the atmosphere had to be
protective in the cooling section. If the surface of the sample were to oxidise, the
emission coefficient would boost during the oxide layer increase. This would result in a
higher cooling rate and would hinder or prevent the thermography. A gas tight aperture
had to be put in the transparent plexiglass, because the range of wave length that is
detected by the thermocamera is absorbed by transparent plexiglass and quartz glass. The
thermocamera (1) was fixed on a tripod and focussed on the sample surface. In order to
avoid reflections of the brass nozzles (5) on the sample surface (6) the nozzles were taped
black. The thermocamera could take a photo of the complete sample area or make line
scans, e.g. along the line, Figure 4.13. This line scan is in the symmetry axis of the
sample length. With help of the line scans the cooling homogeneity along the sample
length could be determined.
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Figure 4.12: Experimental set-up, 1-camera, 2-camera display, 3-packing, 4-plexiglass,
5-nozzle, 6-sample, 7-furnace tube (in the background), 8-cooling section (sectional
view)
Bild 4.12: Versuchsaufbau, 1-Kamera, 2-Kameradisplay, 3-Kunststoffmanschette, 4-
Plexiglasplatte, 5-Düse, 6-Blech, 7-Ofenrohr (im Hintergrund), 8-Abkühlkammer (im
Schnitt gezeichnet)
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40
200
Figure 4.13: The line along the sample length indicates the way of the line scans, it is on
the axis of symmetry.
Bild 4.13: Die Linie entlang der Probenlänge kennzeichnet den Verlauf der
angefertigten Zeilenscans, sie verläuft in der Symmetrieachse.
Figure 4.14 shows the cooling process of an annealed sample with one nozzle couple and
1000 l/min N2-7%H2 mass flow cooling gas. The distance between nozzle and sample
surface was 50mm.The nozzles disturb the thermocamera’s view of surface of the
sample. Due to the room temperature of the nozzles, the outline can be seen in black. On
the upper left and right there are rakes used to hang the sample on. It took 0.8s to take
one photo. During this 0.8s, an area was scanned from the upper left to the lower right
side, while the time difference between the upper and the lower border of the sample was
about 0.46s. This is the reason why the cooled centre area is larger in the direction
towards lower sample border. The pale circular spots in the upper left region of the
sample are reflections. Due to the very hot sample carriage, the emitted light was sent via
the nozzle front to the sample surface. Although the nozzles were taped in black, in order
to allow the nozzle to work properly the front was not taped. This area was sufficient
enough to reflect the light disturbing the temperature measurement.
Figure 4.15 shows the cooling process of an annealed sample with five nozzle couples
plus horizontal movement. The distance between nozzle and nozzle was 50mm, the
distance between nozzles and sample surface was also 50mm. In the upper area there are
reflections again. Due to the horizontal movement the nozzles and the reflections are
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distorted. Because of the high number of nozzles used and the horizontal movement, a
relatively homogeneous temperature distribution can be seen on the sample surface. The
temperature gradient occurred from the right side of the sample, which comes out of the
furnace first. The pneumatic cylinder that pulls out the sample carriage has to do so in
two steps which takes a few seconds, because of the cooling section dimensions the
pneumatic cylinder working range is maximum 800mm. As a result, the right side of the
sample, coming out of the furnace first, is cooler than the left side. The length of the
cooling section was determined by the laboratory dimensions.
Figure 4.14: Overall picture with one pair of nozzles, no movement of the nozzles.
Bild 4.14: Gesamtbild bei nur einem geöffneten Düsenpaar, ohne Düsenstockbewegung
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Figure 4.15: Overall picture with five pairs of nozzles, with movement of the nozzles
Bild 4.15: Gesamtbild bei fünf geöffneten Düsenpaaren, bewegter Düsenstock
The line scans of the symmetry axis of the sample is shown during cooling in Figure
4.16. The horizontal movement of the nozzles result in a homogeneous temperature
distribution over the whole sample length. Cooling rates up to –40K/s were possible. This
is obvious when the line scans are compared to line scans without nozzle movement,
Figure 4.17. These line scans show the unfavourable effect if no nozzle movement is
enabled, the coolest temperatures were directly in front of the nozzles. The result is an
inhomogeneous temperature distribution of the cooled area.
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Figure 4.16: Line scans of the symmetry line according to Figure 4.13, during horizontal
movement, the time increment was about 0.5s.
Bild 4.16:Linienscans der Symmetrielinie gemäß Bild 4.13, aufgenommen unter
Düsenstockbewegung im zeitlichen Abstand von etwa 0,5s.
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Figure 4.17: Line scans of line 1 according to Figure 4.13, without horizontal
movement, the time increment was about 0.5s.
Bild 4.17: Linienscans der Linie 1 gemäß Bild 4.13, aufgenommen ohne
Düsenstockbewegung im zeitlichen Abstand von etwa 0,5s.
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4.5 Process control
The annealing process is monitored and controlled by two computers, measuring
equipment and a programmable control unit. The computers work by handshake to ensure
a safe program execution. The 1st computer is the master, its main task is the
transportation process. The 2nd computer is the slave, its tasks are process monitoring and
gas regulation according to a time schedule. In case of a power failure, the process can be
executed safely and in a controlled manner by an independent power supply. If a gas
alarm is triggered, the hydrogen and carbon oxide lines are closed, a buzzer sounds,
warning lights go on and nitrogen is inserted into the furnace.
The following requirements are necessary to execute a safe annealing cycle:
• The gas exhaust has to be active
• The flange and door water-cooling has to be active
• The liquid nitrogen cooling of the cooling section has to be active
• Enough gases such as nitrogen, forming gas, hydrogen and carbon oxide have to be
available
• The gas monitoring has to be calibrated and active
• The power supply has to be available
• Fresh air has to be available
• Two persons have to be present for safety reasons
• The kinematics and gas program have to be checked
4.5.1 Computer programs
The monitoring and gas control program (slave program) has to be initialised by choosing
a program to execute and by giving a file name under which all relevant data is stored. If
all parameters are set up properly the start button can be pushed. This action activates the
master program on the other computer: The transportation program starts the annealing
cycle with the initialisation of the pneumatic cylinders and the position of all relevant
parts is checked. Transportation is only started if all light barriers in the cooling section
give the appropriate signals. The bar linkage arrests the carriage with the sample, the
furnace door is unlocked, the door is opened. If the light barrier monitors that the door is
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completely opened, the carriage is moved 800mm into the 1st furnace. If the light barrier
monitors the end position of the cylinder, the bar linkage unlocks the carriage and the
cylinder moves back. If the initial position is reached the bar linkage locks the carriage
again. After a short delay the carriage is moved further into the furnace until a light
barrier signal is monitored to reduce the speed. After this speed reduction the carriage is
pushed slowly to the right position about 100mm behind the slow move position. The bar
linkage unlocks again and moves out of the furnace. If the initial position is monitored
again, the door is closed and locked. By locking the door, the slave program is activated
and the relative time starts. The slave program controls the mass flow controller to purge
the gas mixture in the furnaces according to the gas time table, Figure 4.18. For example
column t4: up to a defined relative time of 200s a desired total mass flow of 60 l/min of
50% N2, 25% H2 and 25% CO is purged into the 1st furnace. When the relative time
reaches the value 200s the program jumps into the next column t5. In this column the
event “STOP” activates the master program to start the unloading procedure. If the
sample carriage is taken out of the furnace and the furnace door is locked again, the
master program activates the slave program. The relative time is set back to 0s and the
cooling procedure starts: 800 l/min of forming gas (7%H2-N2) will be purged for 45s onto
the sample in the cooling section. If the next event “Exit” is detected the slave program
jumps into column AUS, the gas mass flow will be reduced to 55 l/min forming gas.
During the annealing cycle several parameters are stored in a data file. Two different
parameters can be separated: directly measured values and calculated values, Table 4.1.
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Measured values Calculated values Stored data
Relative time, s Carbon activity in the gas File name, *.dat
Absolute time, s Oxygen partial pressure in the
gas, bar
Names of persons conducting
the experiments
Total gas mass flow,
l/min
Dew point, °C Name of annealing cycle,
*.tab
Gas mass flow of each
species (H2, N2, CO ),
l/min
Partial pressure of CO2, CH4,
H2O, bar
Sample number
Electric motor force of the
oxygen probe, V
Furnace temperatures, °C
Table 4.1: Data, measured and calculated values that are stored.
Tabelle 4.1: Daten, gemessene und berechnete Werte, die gespeichert werden.
Figure 4.18: Gas and event time schedule in the slave program
Bild 4.18: Gas- und Ereignisverlaufsprogramm
This schedule defines the annealing cycles, i.e.
• the time until 99% of the desired temperature is reached (heating up): t2 = 40s,
• the annealing time with protective atmosphere at desired temperature level
• the carburizing time with a CO-H2-N2 mixture at desired temperature level,
• the total soaking time (annealing plus carburizing)
• the cooling rate
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4.5.2 Gas control
The control of the desired gas mixture is enabled by digital mass flow controller. In order
to ensure a constant gas mass flow it is important to use one or two appropriately
working pressure inferior for each line. Otherwise if the form is not constant the mass
flow controller can not control properly and an oscillating mass flow would result. The
mass flow controller for the forming gas can be switched between the 1st furnace and the
cooling nozzles.
4.5.3 Transportation system
The transportation system works with pneumatic cylinders. However, nitrogen instead of
air is used, because the oxygen content in the cooling section should be as low as possible
to prevent oxidation of the sample surface. Pneumatic cylinders are used for the furnace
door locks and the opening and closing, for the carriage locks and movement and the
horizontal movement of the cooling nozzles. One stock of nozzles can also be removed
by pneumatic cylinders to enable an easy loading and unloading of the sample.
4.5.4 Signals and measurement
The temperature profile along the furnace tube can be measured with type K
thermocouples. The thermocouples are fixed to the frame with the rails in the centre of
the tube. The temperature is measured with type S thermocouples next to the sample in
the centre of the furnace tube. The analogue inputs of type S thermocouple and the EMF
of the oxygen probe are directly converted to digital signals. The signals are sent to an
I/O card in the computer. The other analogue temperature signals are converted to 4-
20mA signals that are connected to a multiplexer. The multiplexed analogue signals are
converted to digital signals and sent to the I/O card in the computer.
The surface temperature of a sample during the annealing was not measured, but the
heating time to desired temperature was measured before in several calibration tests.
These preceded tests are described in the following: The soaking temperature was 810°C
and the mass flow of forming gas was specified at 60 l/min. A thermocouple was welded
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onto the sample surface and was connected with a thermal protected data acquisition box
hanging next to the sample. This data acquisition box converted the thermocouple signal
to digital signals that were sent via radio to an antenna in the furnace. The received
signals are sent to the I/O card in the computer. During cooling the signals are received
by a second antenna in the cooling section. These tests were repeated several times to
ensure good reproducibility.
The light that is used for the light barriers is modulated to ensure that only the right
signals are analysed when the positions of moving parts has to be controlled. A
movement of the sample carriage into the furnace tube is only possible if the initial
position is defined to be correct, e.g. the sample carriage can only be moved if the
furnace door is in the upper end position giving the OK.
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4.6 Supplement
4.6.1 Gas supply
The annealing simulator is supplied with various gases for the heat treatment, such as
forming gas N2-7%H2, nitrogen N2, hydrogen H2, carbon oxide CO and methane CH4.
The gas station is placed outside the building. The gas pressure before the mass flow
controller is examined to ensure proper gas mass flow.
4.6.2 Cooled parts and exhaust system
Several parts of the annealing simulator are cooled to enable safe operation of the facility.
For example, the furnace door seals and its flanges are water cooled to tighten the
reaction space in the furnaces. In addition, the cooling section itself is cooled to room
temperature by liquid nitrogen to enable a constant temperature for the already annealed
samples. The waste gases are drawn off by an exhaust system.
4.7 Example of a reactive annealing cycle
The measured and calculated parameters during reactive annealing cycle 3 are presented
as an example. Annealing parameters such as the surface temperature of the sample and
carbon potential during the carburizing treatment are shown in Figure 4.19. After 40s of
heating to soaking temperature the sample was annealed with protective gas for 60s. In
connection with this, a 60s carburizing treatment was performed with 20%CO-20%H2-
N2. When the desired soaking time was reached, the sample was taken out of the furnace
for cooling. The carbon potential raised during the carburizing to about 1.4 mass %.
When the carburizing part started, the mass flow controllers needed a few seconds in
order to become constant, Figure 4.20. Corresponding to the atmosphere change from
protective to carburizing atmosphere, the dew point raised from –40°C to –10°C, because
the CO gas contained more water vapour and the carburizing reactions produced
additional water, Figure 4.21. Due to the opening of the furnace door for loading the
sample into the furnace, the furnace temperature first decreased and then had an
overshoot during heating. After a few seconds the temperature was constant, Figure 4.22.
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The oxygen partial pressure was measured with an oxygen probe. During annealing with
protective atmosphere the oxygen partial pressure was in the range of 10-23 bar. After
inserting in a carburizing mixture the value raised to about 2*10-22 bar, Figure 4.23.
Because of the gas-gas and gas-metal reactions during carburizing CH4 and CO2 were
formed, the partial pressures were calculated from thermodynamic functions. The values
were in the range of pCH4 = 1.5×10-3bar and pCO2 = 2.6×10-3bar, Figure 4.24.
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Figure 4.19: Example of cycle 3, carbon potential and surface temperature as a function
of time.
Bild 4.19: Beispiel des Glühzyklusses 3, Kohlenstoffpegel und Oberflächentemperatur
der Probe als Funktion der Zeit.
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Figure 4.20: Example of cycle 3, partial pressure of CO and H2 as a function of time.
Bild 4.20: Beispiel des Glühzyklusses 3, CO- und H2 Partialdrücke als Funktion der
Zeit.
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Figure 4.21: Example of cycle 3, dew point as a function of time.
Bild 4.21: Beispiel des Glühzyklusses 3, Taupunkt als Funktion der Zeit.
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Figure 4.22: Example of cycle 3, furnace temperature as a function of time.
Bild 4.22: Beispiel des Glühzyklusses 3, Ofentemperatur als Funktion der Zeit.
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Figure 4.23: Example of cycle 3, oxygen partial pressure as a function of time.
Bild 4.23: Beispiel des Glühzyklusses 3, Sauerstoffpartialdruck als Funktion der Zeit.
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Figure 4.24: Example of cycle 3, CH4 and CO2 partial pressure as a function of time.
Bild 4.24: Beispiel des Glühzyklusses 3, CH4- und CO2-Partialdrücke als Funktion der
Zeit.
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5 Experimental
5.1 Material
Samples (200×80×0.8 mm3) were cut from industrially as cold-rolled IF-Ti alloyed
steel, the cold rolling degree was 75%, Table 5.1 and ultrasonically cleaned in organic
solvents before the annealing experiments started. The tested sheet steels A and C
contain excess titanium in order to have a non ageing material with excellent deep
draw qualities, Ti-IF steels. Steel P is a Ti and Nb containing IF steel with higher
strength with an increased P content.
Steel CT, Chemical composition, 10-3 mass %
°C C S P N Mn Si Cr Ti Nb Al B Tiexc. Tiexc./4
A 620 4.0 10 13 4.6 170 9 23 105 <5 55 N.D. 58 18.6
C 790 4.0 6 10 5 180 8 41 95 <5 37 N.D. 53 17
P N/A. 2.0 9 35 2.2 260 50 32 22 30 36 0.5(*)
)%5.1%42.3%4(%
.
SNCTiTi totalexc ×+×+×−=
( ) 4%5.1%42.3%4
.
SNTiTi totalexc ×−×−=  is the amount of excess titanium that can
combine with carbon to reach a fully stabilised state.
CT: coiling temperature
N/A.: not available
N.D.: not determined
  
(*)
: approximately
Table 5.1: Chemical composition of the investigated steels. The Tiexc.-value is the
amount of titanium that is not fixed in precipitations. The Tiexc./4-value represents the
excess amount of titanium that can trap the added carbon in precipitations.
Tabelle 5.1: Chemische Zusammensetzung der untersuchten Stähle. Der Tiexc.-Wert ist
die Menge an Titan, die nicht in Ausscheidungen abgebunden ist. Der Tiexc./4-Wert
stellt die überschüssige Menge an Ti dar, die den hinzugefügten Kohlenstoff in
Ausscheidungen abbinden kann.
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5.2 Annealing cycles
The annealing experiments are subdivided into different cycles. In order to evaluate
the produced gradients and changes in properties the reactive annealing had to be
compared to a reference annealing under protective atmosphere.
Cycle 1: As reference annealing, cycle 1, the samples were heated to a temperature of
810°C in 40s and then recrystallized under protective atmosphere, the soaking
time was 160s, Figure 5.1. In order to evaluate the change in material
properties as a function of the carbon pickup or the carburizing time, this
reference annealing cycle was modified resulting in cycle 2, 3 and 4.
Cycle 2: This annealing cycle was subdivided into two steps, Figure 5.2. In the first
step the samples were recrystallized under protective atmosphere at 810°C
with different isothermal holding times. In the second step the carburizing
treatment was applied for different times, keeping the total soaking time 160s
constant, (tsoaking=tannealing + tcarburizing). The carburizing atmosphere in the
furnace was set up 5 minutes before the samples were carried into it in order to
reach a steady state of the gas mixture. In that way the samples were heated
for additional 40s under carburizing atmosphere.
Cycle 3: The samples were first recrystallized under protective atmosphere and a
carburizing treatment was conducted directly after this. The soaking time was
kept constant for 120s, Figure 5.3.
Cycle 4: According to this heat treatment, Figure 5.4, the carburizing time was 160s at
810°C plus 40s during heating.
Cycle 5: In order to evaluate the change of the carbon gradients of already carburized
samples (steel C, cycle 3, 10s carburizing in 40%CO-40%H2-N2) and the
influence on mechanical properties after diffusion annealing, an overageing
treatment at 480°C was conducted, cycle 5, Figure 5.5.
Cycle 6: More highly carburized samples with a transformed austenite layer (cycle 3,
60s in 40%CO-40%H2-N2) were heated up to 835°C and soaked for 45s.
Different cooling rates were applied, 150K/s (water quenching: a), 53K/s (oil
quenching: b) and 8K/s (natural cooling at air: c) defining cycle 6a, cycle 6b
and cycle 6c, Figure 5.6.
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Figure 5.1: Reference annealing cycle1,
the cold rolled samples were
recrystallized under protective
atmosphere at 810°C, the soaking time
was set to 160s.
Figure 5.2: Cycle 2: The samples were
first recrystallized under protective
atmosphere at 810°C for different
annealing times. In a second step the
carburizing treatment was applied.
Bild 5.1: Referenzglühzyklus 1, die
kaltgewalzten Proben wurden unter
Schutzgas bei 810°C rekristallisiert, die
Haltezeit betrug 160s.
Bild 5.2: Glühzyklus 2: Die Proben
wurden zuerst unter Schutzgas bei 810°C
unterschiedlich lange rekristallisiert und
abgekühlt. In einem zweiten Schritt wurde
die Aufkohlungsbehandlung durchgeführt.
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Figure 5.3: Cycle 3: The samples were
first recrystallized under protective
atmosphere for different annealing times,
then the carburizing treatment was set up.
The carburizing time was varied in order
to enable a constant soaking time.
Figure 5.4: Cycle 4: The samples were
heated for 40s and annealed under
carburizing atmosphere.
Bild 5.3: Glühzyklus 3: Die Proben
wurden zuerst unter Schutzgas bei 810°C
unterschiedlich lange rekristallisiert und
anschließend aufgekohlt. Die
Carburierzeit wurde variiert, um eine
konstante Haltezeit zu ermöglichen.
Bild 5.4: Glühzyklus 4: Die Proben
wurden direkt unter
Carburieratmosphäre in 40s auf 810°C
aufgeheizt und carburiert.
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Figure 5.5: Cycle 5: The samples were annealed and carburized in a first step (left
figure) and in a second step heated in a salt bath under inert conditions for 20s and
overaged at 480°C for different times (right figure).
Bild 5.5: Glühzyklus 5: Die Proben wurden in einem ersten Schritt geglüht und
carburiert (linkes Bild), in einem zweiten Schritt im Salzbad unter inerten
Bedingungen in 20s aufgeheizt und bei 480°C überaltert (rechtes Bild).
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Figure 5.6: Cycle 6a, cycle 6b and cycle 6c: The samples were annealed and
carburized in a first step (left figure) and in a second step heated in a salt bath under
inert conditions for 20s and homogenised at 835°C for 45s, (right figure). The cooling
rates were varied due to a quenching either in water, oil or at the air.
Bild 5.6: Glühzyklus 6a, b, c: Die Proben wurden in einem ersten Schritt geglüht und
carburiert, (linkes Bild), in einem zweiten Schritt im Salzbad in 20s auf 835°C
aufgeheizt und für 45s gehalten, (rechtes Bild). Die Abkühlraten wurden variiert durch
Abkühlen in Wasser, Öl oder an Luft.
All parameters used for single-stage cycles such as heating time, annealing
temperature and time, carburizing time and cooling rate for different steel types are
listed in Table 5.2. The parameters used for the two-stage cycles are listed in Table
5.3. In the two-stage cycles, the first stage contained a carburizing treatment in 40%
CO-40% H2-20% N2 for different periods of time.
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35
150 10
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120 40
2 C 40 810
100 60
160 35
120 40
80 80
40 120A
0 160
160 35
110 10
100 20
90 30
80 40
C
60 60
3
P
40 810
80 40
120 35
4 A 40 810 0 401)+160 160 35
1)Carburizing during heating
Table 5.2: Parameters used such as heating time, annealing temperature and time,
carburizing time and cooling rate for different annealing cycles.
Tabelle 5.2: Verwendete Parameter wie Aufheizzeit, Glühtemperatur und –zeit,
Carburierzeit und Abkühlrate für verschiedene Glühzyklen.
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Table 5.3: Parameters used for the two-stage cycles such as heating time, annealing
and overageing temperature and time, carburizing time and cooling rates for different
annealing cycles.
Tabelle 5.3: Verwendete Parameter wie Aufheizzeit, Glüh- und
Überalterungstemperatur und –zeit, Carburierzeit und Abkühlraten für verschiedene
Glühzyklen.
The recrystallization kinetics for IF steels, fully Ti- and Ti/Nb-stabilised, are rather fast.
The desired time for roughly completed recrystallization (95%) at 810°C is within the
range of 10s to 30s, respectively, [Ble90]. For that reason, the preferred annealing time
with protective atmosphere was a minimum of 60s before the carburizing treatment was
conducted (cycle 2 and cycle 3).
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5.3 Annealing atmospheres
The protective atmosphere consisted of forming gas, the reactive atmospheres
contained different amounts of CO, H2 and N2, Table 5.4. In most cases the gas
mixture contained a CO/H2-ratio equal to 1, only the atmospheres containing 4% and
6%CO had lower CO/H2-ratios of 0.57 and 0.86. The CO content was increased from
2 to 50 volume %.
The dew point of the hot gas was measured in two ways, Figure 5.7. First, it was
measured and calculated with help of the oxygen probe in the furnace. Second, it was
measured at the gas outlet with a mirror hygrometer when steady state was reached.
The higher the CO content, the higher was the dew point of the outlet gas because of
the water content of the CO gas and the carburizing reactions, Equation 2.3. By
consuming H2 and CO, C and water are produced up to an equilibrium that is a
function of temperature, Equation 2.8. The carbon potential in the carburizing gas was
calculated with the help of this thermodynamic function and the dew point measured
using the oxygen probe, Figure 5.8. It can be demonstrated that the carbon potential
increased in the gas atmosphere when CO content increased.
Experimental 5-10
CO,
volume %
H2,
volume %
N2,
volume %
pCO/pH2 Dew point,
°C
0 7 93 0 -38
2 7 91 0.29 -35.7
4 7 89 0.57 -32.7
6 7 87 0.86 -29.5
12 12 76 1 -19.5
15 15 70 1 -14.8
20 20 60 1 -8.8
25 25 50 1 -4.2
33.3 33.3 33.3 1 -1.2
40 40 20 1 -1
50 50 0 1 -1
Table 5.4: Composition of the protective and reactive gas atmospheres used, the
CO/H2-ratio and the dew points measured in hot gas at 822°C.
Tabelle 5.4: Zusammensetzung der Schutzgasatmosphäre sowie der reaktiven
Gasatmosphären, CO/H2-Verhältnisse sowie Taupunkte in heißen Reaktionsgas bei
822°C.
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Figure 5.7: Measured dew points of the hot gas CO-H2-N2 mixture at 822°C, measured
with a mirror hygrometer at the gas outlet and measured with oxygen probe in the
furnace as a function of the CO content (pCO/pH2=1).
Bild 5.7: Gemessene Taupunkte des heißen CO-H2-N2 Reaktionsgases bei 822°C als
Funktion des CO-Gehalts, mit dem Spiegelhygrometer am Gasauslaß gemessen und mit
der Sauerstoffsonde im Ofenrohr bestimmt, (pCO/pH2=1).
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Figure 5.8: Carbon potential as a function of CO content of the reactive gas
(pCO/pH2=1).
Bild 5.8: Kohlenstoffpegel als Funktion des CO-Gehalts des reaktiven Gases
(pCO/pH2=1).
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Figure 5.9: CO partial pressure as a function of time after inserting a 50%CO/H2-
mixture in the furnace.
Bild 5.9: CO-Partialdruck als Funktion der Zeit nach Zugabe eines 50%CO/H2-
Gasgemisches in den Ofen.
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Taking into account that the CO content in the furnace atmosphere approximates
exponentially at the desired CO partial pressure when the carburizing mixture is filled
into the furnace, the carbon potential in the gas atmosphere is not constant at the
beginning of the carburizing. For example, the increasing CO partial pressure of a
50%CO/H2 atmosphere was calculated as a function of inserting time with a gas mass
flow of 85 l/min and an estimated furnace volume of 10l, Figure 5.9. The calculated
volume was estimated to be 10l, because the sample surface was directly rinsed around
with the purged gas mixture in this volume. Although the total furnace volume is about
100l, the volume in which the reactions with the sample surface take place is much
smaller.
The CO partial pressure was calculated with the help of Equation 5.1-Equation 5.4.
The differential Equation 5.1 expresses the change in CO content during inserting the
gas mixture in the furnace. It is presumed that the mass flow of incoming gas is the
same as the outgoing one and a homogeneous mixing at every point of time is
possible. The CO partial pressure starts to increase, simultaneously the same mass
flow of gas mixture containing a small amount of CO is purged out of the furnace, by
the time the CO concentration reaches the set point level ( ) SP,COCO ptp =∞→ , Equation
5.4.
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


−⋅=⋅
total
COintsetpo
COCO
n
tn1nn
dt
d
&
Equation 5.1
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Experimental 5-13







 ⋅
−−⋅=
total
intsetpo
COintsetpo
COCO V
tV
exp1 p)t(p
& Equation 5.4
With
pressurepartialCOintposetbar,p intsetpoCO
COflowmassminl,V intsetpoCO&
volumel,Vtotal
t, s          time
5.4 Characterisation
5.4.1 Metallography
Metallographic cross sections were prepared by HNO3-etching in order to determine
the resulting grain structure in the near surface region and in the centre. Photos were
made with optical and scanning electron microscopes. The grain size is described by
the grain size number G according to DIN 50601, [DIN 50601].
5.4.2 GDOS and total carbon measurement
The Glow Discharge Optical Spectroscopy (GDOS) was used to evaluate
quantitatively the carbon concentration gradients. By using a plasma, atoms are
sputtered from the sample surface emitting a characteristic detectable wave length
light. This method of analysis enables reliable measurements in a wide carbon
concentration range. The detection limit for carbon is 2 mass ppm, [Böh94].
In order to measure the total carbon concentration after carburizing, a combustion
method with a connected infrared analyser was used.
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5.4.3 Mechanical Testing
The mechanical properties of samples were determined by a tensile test, according to
DIN EN 10002-1. Additionally the bake hardenability was tested according to
STAHL-EISEN-Werkstoffblatt [SEW094]. The sample is first elongated with 2%
plastic strain and subsequently annealed at 170°C for 20min. The BH2-value is the
yield strength increase due to this annealing treatment.
( treatmentheatbefore0.2min20/C170afterL2 RpReBH −= ° ). The AH-value is the difference between
yield strength after and before a heat treatment of 100°C/1h ( Lh1/C100afterL ReReAH −= ° )
and describes the tendency to room temperature ageing.
5.4.4 Secondary Work Embrittlement (SWE)
Secondary work embrittlement (SEW) is the property which produces brittle fracture
during cold forming of sheet steel that has previously been subjected to large drawing
strains during the first stage of the forming process. The deep drawing strain is a
necessary condition for SWE to occur, because it serves to elongate the ferrite grains,
creating planes of relative weakness, especially if P contaminates the grain boundaries.
IF steels are more sensitive to SWE than low carbon steels due to the absence of solute
carbon. Carbon atoms are unavailable to compete with P in segregating to ferrite grain
boundary sites, [Pra94].
Cylindrical cups with an inner diameter of 33mm and a height of 25mm were drawn
from ∅66mm plates, the drawing ratio was 2.0. The resistance against secondary work
embrittlement was determined by a drop weight test. In this test, the cup is placed on a
conical punch (angle 73°) and strained by dropping a 10 kg weight on it from a height
of 1m. Samples are tested at several temperatures in order to reveal a transition
temperature defined as the temperature at which 50% of the tested cups cracked. The
circumferential elongation, calculated from the difference between the cup diameter
after and before the drop weight test, is plotted against the sample temperature.
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6 Results
6.1 Microstructure
6.1.1 Cycle 1
In Figure 6.1 the optical cross-sections of a sample of steel A which has been
reference annealed according to cycle 1 are shown in the surface region and in the
bulk. After 160s soaking the microstructure is ferritic homogeneously recrystallized
with a grain size of approximately 15±3µm in the bulk and in the surface region.
6.1.2 Cycle 3 and cycle 4
In comparison to this reference annealing, the optical cross-sections of different
carburized sheet steels are shown. The carburizing treatment of sheet steel can
be applied in different ways, during heating while the nucleation of new grains
occurs or during soaking after new grains have already nucleated.
Metallographic cross-sections show the influence of the start point of a carburizing
treatment during a continuous annealing cycle. If a carburizing atmosphere is applied
after the soaking temperature is reached (cycle 3) and the recrystallization can occur
without any disturbance due to pickup interstitials, homogeneously recrystallized
grains can be obtained, Figure 6.2. However, if a carburizing treatment with 25%CO-
25%H2-N2 starts during heating up (cycle 4), the surface region is only partially
recrystallized, because the interstitials picked up hinder the grain boundary movement.
The bulk is not affected due to the absence of introduced carbon, Figure 6.3. After a
strong carburizing treatment (cycle 3) in 50%CO-50%H2 for 60s an austenite layer of
18 µm thickness is formed. Below this layer, crater shaped punctures can be detected
at the grain boundaries, resulting from carbides that were pulled out by the polishing.
After cooling from soaking temperature the austenite transformed to perlite, Figure
6.4.
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Bild 6.1:
steel A
cycle 1
soaking time: 160s
atmosphere: FG
Stahl A
Glühzyklus 1
Glühzeit: 160s
Atmosphäre: FG
Figure 6.2:
Bild 6.2:
steel A, cycle 3
soaking time: 160s
carburizing time: 160s
atmosphere: 6%CO-
7%H2-N2
Stahl A, Glühzyklus 3
Glühzeit: 160s
Atmosphäre: 6%CO-
7%H2-N2
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Bild 6.3:
steel A, cycle 4
soaking time: 160s
carburizing time:
40s+160s
atmosphere: 25%CO-
25%H2-N2
Stahl A, Glühzyklus 4
Glühzeit: 40s+160s,
25%CO-25%H2-N2
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Figure 6.4:
Bild 6.4:
steel C, cycle 3
soaking time: 120s
carburizing time: 60s
atmosphere: 50%CO-50%H2
cooling rate: 35 K/s
StahlC, Glühzyklus 3
Glühzeit: 120s
Atmosphäre: 50%CO-50%H2
Abkühlrate: 35 K/s
6.1.3 Cycle 6: Austenite formation and production of various
microstructures
Samples of steel C were carburized for 60s in 40%CO-40%H2-N2 (cycle 3) and
additionally heat treated. Diffusion annealing was applied at 835°C for 45s, afterwards
the samples were quenched in water or oil, cycle 6a and cycle 6b, or a natural cooling
at air was performed, cycle 6c. After the carburizing treatment an austenite layer of
25µm thickness was formed due to the high carbon pickup. With the highest cooling
rate of about 150K/s a crack free martensitic microstructure could be obtained at the
surface, where the high carbon content had formed austenite. Below the martensite
layer homogeneous recrystallized ferrite grains could be determined. The border
between martensite and ferrite was sharp, Figure 6.5. The oil quenching (53K/s) led to
a bainite structure in the layer of 25µm thickness with a few parts of perlite reaching
out into the ferrite grains. In contrast to the formed martensitic layer in the above case,
the border between the bainite/perlite layer and the ferrite is not sharp, Figure 6.6.
20µm
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Figure 6.5:
Bild 6.5:
Steel C, cycle 6a, soaking time: 120s,
carburizing time: 60s, atmosphere:
40%CO-40%H2-N2
835°C-45s-water quenching
StahlC, Glühzyklus 6a, Glühzeit: 120s,
Carburierzeit: 60s, Atmosphäre:
40%CO-40%H2-N2 , 835°C-45s
Wasserabschreckung
Figure 6.6:
Bild 6.6:
steel C, cycle 6b, soaking time: 120s,
carburizing time: 60s, atmosphere:
40%CO-40%H2-N2, 835°C-45s-oil
quenching
StahlC, Glühzyklus 6b, Glühzeit: 120s,
Carburierzeit: 60s, Atmosphäre:
40%CO-40%H2-N2, 835°C-45s-
Ölabschreckung
Figure 6.7:
Bild 6.7:
steel C, cycle 6c, soaking time: 120s,
carburizing time: 60s, atmosphere:
40%CO-40%H2-N2, 835°C-45s- air
cooling
StahlC, Glühzyklus 6c, Glühzeit: 120s,
Carburierzeit: 60s, Atmosphäre:
40%CO-40%H2-N2, 835°C-45s
Luftabkühlung
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In case of the lowest cooling rate at air (8K/s) a ferrite microstructure with perlite at
the grain boundaries was formed in the 25µm layer. The ferrite grains in this layer
were significantly finer compared to the ferrite grains below the layer, Figure 6.7.
6.1.4 Grain size comparison between surface and bulk
The grain size number G in the near surface region and in the bulk of samples of steel
C were measured and plotted as a function of carburizing time according to the
reference annealing cycle 1 and carburizing cycle 2. The results show that the grain
size numbers measured in the near surface region were in the same range as they were
for the bulk for all carburizing times. Figure 6.8, the reference annealed samples had a
grain size number of 9.1±0.3 (grain size: 15±3µm) in the bulk and in the surface
region. All grain size numbers of the carburized samples of cycle 2 were in the range
of 9.4±0.5 (grain size: 14±2µm) in the bulk and 9.1±0.3 (grain size: 15±3µm) at the
surface.
For cycle 3 the grain size number G in the surface region and in the bulk of samples of
steel C were measured and plotted as a function of carburizing time for the reference
annealed, cycle 1, and cycle 3. It was intended to show that the point of starting the
carburizing treatment had no detrimental influence on the resulting grain sizes at skin
and bulk. The results show that the grain size numbers measured in the near surface
region were in the same range as they were for the bulk for all carburizing times.
Figure 6.9, the reference annealed samples had a grain size number G of 9.1±0.3
(grain size: 15±3µm) in the bulk and in the surface region. All measured grain size
numbers of the carburized samples according to cycle 3 were in the range of 9.5±0.5
(grain size: 13±2µm) in the bulk and 9.3±0.5 (grain size: 14±2µm) at the surface.
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Figure 6.8: Grain size number at the surface and in the bulk as a function of carburizing
time, steel C, cycle 1 and cycle 2.
Bild 6.8: Korngrößenkennzahl an der Oberfläche und in der Blechmitte als Funktion
der Carburierzeit, Stahl C, Glühzyklus 1 und 2.
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Figure 6.9: Grain size number at the surface and in the bulk as a function of carburizing
time, steel C, cycle 1 and cycle 3.
Bild 6.9: Korngrößenkennzahl an der Oberfläche und in der Blechmitte als Funktion
der Carburierzeit, Stahl C, Glühzyklus 1 und 3.
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6.1.5 Hardness profiles
The hardness profiles of samples submitted to the reference annealing cycle 1 and
reactive annealing cycle 3 with an atmosphere containing 4%CO, are shown for
different carburizing times. The hardness profiles of the carburized samples showed
just a very small difference compared to the reference annealed, the hardness is in the
range of 96-110HV0.1 for the whole sample thickness, Figure 6.10. For an
atmosphere containing 6%CO the hardness could be raised near the skin up to values
of 133HV0.1 after the longest carburizing treatment, Figure 6.11. A carburizing
treatment with higher carbon potential in the atmosphere could result in an increased
hardness in the skin as also 200µm below surface. Hardness values up to 190HV0.1
after 160s have been observed, Figure 6.12. Only the centre of the sample is not
influenced by the added carbon, the hardness values remained on the level of
100HV0.1.
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Figure 6.10: Hardness profiles according to different carburizing times, the carburizing
atmosphere contained 4%CO.
Bild 6.10: Härteprofile nach verschiedenen Carburierzeiten, die Carburieratmosphäre
enthielt 4%CO.
Results 6-8
-400 -200 0 200 400
0
50
100
150
200
 40s    80s
 120s  160s
 ref.
Cycle 3: steel A
 
 
H
V
0,
1
Distance from center, µm
Figure 6.11: Hardness profiles according to different carburizing times, the carburizing
atmosphere contained 6%CO.
Bild 6.11: Härteprofile nach verschiedenen Carburierzeiten, die Carburieratmosphäre
enthielt 6%CO.
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Figure 6.12: Hardness profiles according to different carburizing times, the carburizing
atmosphere contained 25%CO.
Bild 6.12: Härteprofile nach verschiedenen Carburierzeiten, die Carburieratmosphäre
enthielt 25%CO.
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6.2 Gradients of chemical composition
With the help of Glow Discharge Optical Spectroscopy the resulting carbon gradient
profiles can be characterised accurately in a depth of about 50µm. After a carburizing
treatment the carbon concentration in the sample can generally be subdivided into three
parts.
1. The skin part is characterised by a high carbon concentration in the range of 3000-
8000 mass ppm.
2. Below this there is the second part characterised by a large gradient at a small
depth, a steep drop.
3. The next part is characterised by a slight decrease of carbon concentration within
the ferrite matrix.
6.2.1 Cycle 2, total carbon content
The total carbon content that was observed in reactive annealing cycle 2 was in the range
of 50 to 250 mass ppm carbon. It could be observed that the higher the carbon potential
in the reactive gas and the higher and longer the carburizing time, the higher was total
carbon pickup. Figure 6.13, a relatively weak carburizing atmosphere such as that
containing 12%CO, resulted in a slight increase of total carbon content, about 50 to 90
mass ppm C could be observed after 10s and 60s carburizing. By increasing the CO
content in the atmosphere, e.g. 40% CO the total carbon concentration reached levels of
100 to 250 mass ppm C after 10s and 60s carburizing, respectively. In another plot the
total carbon concentration is shown as a function of carburizing time and CO content,
Figure 6.14.
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Figure 6.13: Total carbon content of steel C as a function of square root of carburizing
time in cycle 2.
Bild 6.13: Gesamtkohlenstoffgehalt der C-Proben als Funktion der Wurzel aus der
Carburierzeit für Glühzyklus 2.
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Figure 6.14: Total carbon content of steel C as a function of carburizing time and CO
content in cycle 2.
Bild 6.14: Gesamtkohlenstoffgehalt der C-Proben als Funktion der Carburierzeit und
des CO-Gehalts für Glühzyklus 2.
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6.2.2 Cycle 2, carbon gradient profiles and average carbon content
For reactive annealing cycle 2, the carbon gradient profiles achieved after 10s carburizing
time are shown for carburizing atmospheres of different strengths, 12%, 20%, 33.3%,
40% and 50%CO respectively. Figure 6.15, the carbon concentration gradient is
characterised by a steep drop within the first 3µm below surface. For the lower carbon
potential atmosphere, containing 12%CO, the bulk concentration of about 40 mass ppm
C was reached 10µm below the skin. Here the atmospheres containing higher CO result
in higher carbon concentrations such as 180-200 mass ppm (20% and 33.3%CO) and
260-300 mass ppm C (40% and 50%CO). In all cases the carbon concentration showed a
slight decrease within a depth of 50µm. The carbon gradient profiles after 60s carburizing
time showed a similar trend. However, the carbon profiles were on higher levels for the
weaker carburizing atmospheres (12% and 20%CO). Figure 6.16, after carburizing in
stronger carburizing atmospheres the layers of high carbon concentration increased in
thickness to about 3µm.
The average carbon concentration within 50µm below the surface was measured as a
function of square root of carburizing time for different atmospheres containing CO,
Figure 6.17. The atmospheres containing 12% and 20%CO could only slightly increase
the average carbon content after 60s carburizing . It was raised to 160 and 220 mass ppm
C respectively, where the atmospheres containing higher CO showed a greater carbon
concentration increase up to 580 mass ppm. After 10s the stronger carburizing
atmospheres (40% and 50%CO) already showed carbon contents of about 300 mass ppm
C. Analogously, the carbon concentration in the ferrite, below the steep drop, increased
by longer carburizing times. The higher the carbon potential in the reactive gas
atmospheres the more carbon interstitials were introduced, Figure 6.18. For the 33.3%
and 40%CO atmospheres the formation of a 2-3µm austenite layer could be determined
after 40s and 60s carburizing time.
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Figure 6.15: GDOS analysis of 10s carburized samples of steel C, cycle 2.
Bild 6.15: GDOS Analyse von 10s carburierten C-Proben, Glühzyklus 2.
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Figure 6.16: GDOS analysis of 60s carburized samples of steel C, cycle 2.
Bild 6.16: GDOS Analyse von 60s carburierten C-Proben, Glühzyklus 2.
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Figure 6.17: Average carbon content measured to a depth of 50µm as a function of
square root of carburizing time for different CO contents, cycle 2.
Bild 6.17: Gemittelter Kohlenstoffgehalt gemessen bis zu einer Tiefe von 50µm als
Funktion der Wurzel aus der Carburierdauer für verschiedene CO-Gehalte, Glühzyklus
2.
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Figure 6.18: Average carbon content measured below the carbon steep drop to a depth of
50µm as a function of square root of carburizing time, cycle 2.
Bild 6.18: Gemittelter Kohlenstoffgehalt gemessen unterhalb des Kohlenstoffsteilabfalls
bis zu einer Tiefe von 50µm als Funktion der Wurzel aus der Carburierdauer,
Glühzyklus 2.
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6.2.3 Cycle 3, total carbon content
The total carbon content of the carburized samples was measured and plotted as a
function of the square root of carburizing time for reactive atmospheres of differing
strength. For the carburizing treatment after cycle 3 the total carbon content increased
very considerably in the case of the strongest carburizing atmosphere, 50%CO-50%H2
after 30s. Figure 6.19, in this case, an austenite layer was formed at the surface of the
sample. As a result, the solubility of carbon was immediately increased and the
carburizing rate changed. The highest carbon concentration was 630 mass ppm C. For the
weaker carburizing atmospheres the carburizing rates were lower, especially for the
atmosphere containing 12%CO the total carbon content had a slight increase from 55 to
106 mass ppm C, 10s to 60s carburizing respectively. After 10s of carburizing treatment
all carbon contents achieved were in a narrow range of 55 to 106 mass ppm C. The
longer the samples were annealed in reactive atmospheres, the greater the achieved
carbon concentrations varied. The total carbon content performed by the carburizing
treatment was expressed as a function of CO content in the reactive atmosphere and the
carburizing time. The total carbon content increased by higher CO contents and longer
carburizing times, Figure 6.20.
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Figure 6.19: Total carbon content of steel C as a function of square root of carburizing
time in cycle 3.
Bild 6.19: Gesamtkohlenstoffgehalt der C-Proben als Funktion der Wurzel aus der
Carburierzeit für Glühzyklus 3.
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Figure 6.20: Total carbon content of steel C fitted as a function of carburizing time and
CO content in cycle 3.
Bild 6.20: Gesamtkohlenstoffgehalt der C-Proben als Funktion der Carburierzeit und
des CO-Gehalts für Glühzyklus 3.
6.2.4 Cycle 3, carbon gradient profiles
The GDOS carbon profiles of samples of steel C and cycle 3 carburized for different
lengths of time are shown in detail. Figure 6.21, for a 10s carburizing treatment the
carbon profiles showed a steep drop within the first 5µm. For the atmosphere containing
12 and 20%CO the carbon concentration dropped down to the reference amount of 40
mass ppm on the first 10µm, but an increase of CO content in the reactive atmosphere
results to higher carbon concentration levels in the first 50µm below surface. The
atmosphere containing 40 and 50%CO resulted to a carbon concentration of 220 mass
ppm at 50µm.
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The carbon gradient profiles of samples carburized for 60s are shown in Figure 6.22. The
higher the CO content of the carburizing gas, the greater was the distance from surface
where the steep drop of the carbon concentration gradient occurred. For the atmosphere
containing 33.3%CO the formation of an 8µm austenite layer can be determined, for the
strongest carburizing atmosphere, 50%CO-50%H2, the formed austenite layer had a
thickness of 20µm. The weaker carburizing atmospheres (12%CO and 20%CO) led to
carbon concentrations of about 150 and 200 mass ppm in the first µm thickness below
surface where the atmospheres containing 33%CO and 50%CO led to carbon
concentrations of about 200-280 and 400 mass ppm below the steep drops.
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Figure 6.21: GDOS analysis of 10s carburized samples of steel C, cycle 3.
Bild 6.21: GDOS Analyse von 10s carburierten C-Proben, Glühzyklus 3.
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Figure 6.22: GDOS analysis of 60s carburized samples of steel C, cycle 3.
Bild 6.22: GDOS Analyse von 60s carburierten C-Proben, Glühzyklus 3.
In Figure 6.23 the same carbon profiles are exhibited as before, but the y-axis scale
changed. For the stronger carburizing atmospheres containing 33.3%CO and 50%CO the
carbon enriched zones can be seen. The strongest carburizing atmosphere transformed the
skin into an austenite layer with a carbon concentration of 6500 mass ppm at the surface,
which decreased down to 5000 mass ppm at 15µm distance from surface. Below this high
carbon enriched zone there was an 8µm steep drop to 400 mass ppm. The atmosphere
containing 33.3%CO caused a carbon enriched zone of about 4300-6400 mass ppm in the
first 3 µm thickness below surface. Below this zone there was a 5µm steep drop to 200
mass ppm.
The carbon gradient profiles of carburized samples of steel C for different carburizing
times are shown down to 250µm depth below surface, Figure 6.24. It can be evaluated
that the bulk carbon concentration is reached at about 250µm depth for the sample
carburized the longest time. After 60s about one third of the sample thickness is
significantly carburized. For shorter carburizing times the carbon concentration below the
steep drop started at lower values, but the carbon gradients were in the same range.
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Figure 6.23: GDOS analysis of 60s carburized samples of steel C.
Bild 6.23: GDOS Analyse von 60s carburierten C-Proben, Glühzyklus 3.
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Figure 6.24: GDOS carbon profiles of carburized samples of steel C in 50%CO-50%H2
for different carburizing times.
Bild 6.24: GDOS Kohlenstoffprofile von carburierten Proben des Stahls C, die für
unterschiedliche Zeiten in 50%CO-50%H2 geglüht wurden.
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6.2.5 Cycle 3, average carbon content to 50µm depth
Considering the entire GDOS analysis, the average carbon content in the first 50µm was
plotted as a function of the square root of carburizing time for different carburizing
atmospheres, Figure 6.25. It can be concluded that for a relatively weak carburizing
atmosphere such as that containing 12%CO containing, the average carbon content
remained in a range of 96-215 mass ppm for carburizing times from 10-60s. For the
stronger carburizing atmospheres such as those containing 40% and 50%CO, the average
carbon concentration remained only for the shortest carburizing time in a low range of
250 mass ppm. For longer carburizing times such as 40s and 60s the formation of an
austenite layer led to an large increase of the average carbon content in the first 50µm of
depth.
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Figure 6.25: Average carbon content measured in a depth up to 50µm as a function of
square root of carburizing time in the reactive atmosphere for different CO content.
Bild 6.25: Gemittelter Kohlenstoffgehalt bis zu einer Tiefe von 50µm als Funktion der
Wurzel aus der Carburierzeit
Results 6-20
0 1 2 3 4 5 6 7 8 9 10
0
100
200
300
400
500
600
Cycle 3: steel C
 
 
 12%CO
 20%CO
 33,3%CO
 40%CO
 50%CO
A
ve
 
C
 co
n
te
n
t
in
 
α
-
Fe
, 
m
a
ss
 
pp
m
Sqrt carburizing time, s0,5
Figure 6.26: Average carbon content measured below the carbon steep drop in the α-Fe as
a function of square root of carburizing time for different reactive atmospheres.
Bild 6.26: Gemittelter Kohlenstoffgehalt unterhalb des Kohlenstoffsteilabfalls im α-Fe als
Funktion der Wurzel aus der Carburierzeit
The average carbon concentration below the steep drop was measured to a depth of
50µm. The values were plotted in Figure 6.26 as a function of square root of carburizing
time for atmospheres containing different amounts of CO. Only the weak carburizing
atmospheres containing 12% and 20%CO started with a low carbon concentration of 40
mass ppm. By extending the carburizing time to 60s the carbon content in the ferrite was
increased up to 90 mass ppm for the 12%CO containing, and up to 185 mass ppm for the
atmosphere containing 20%CO. For the atmosphere containing 33.3%CO the carbon
concentration reached a level of 220 mass ppm already after 30s carburizing time, then
remained almost constant up to 60s carburizing time. The carburizing atmospheres with
40% and 50% CO started at carbon concentration levels of 200-250 mass ppm after 10s
carburizing and increased to 300-360 mass ppm after 40-60s.
6.2.6 Calculated average carbon concentration in the bulk
By knowing the total carbon content of the carburized sample and the carbon
concentration down to 50µm below the surface, an average carbon concentration in the
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bulk could be calculated, Figure 6.27. The bulk is defined to be the centre region starting
with 50µm from both surfaces
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Figure 6.27: Example of the calculated bulk average carbon concentration.
Bild 6.27: Beispiel des berechneten gemittelten Kohlenstoffgehaltes im Inneren
Figure 6.28, the calculated average carbon content for carburizing atmospheres
containing 12% to 40%CO was in the range of 46-73 mass ppm C after 10s carburizing.
For the 50%CO-50%H2 atmosphere the carbon content was increased up to 130 mass
ppm after 10s carburizing. After 60s carburizing the calculated average carbon
concentration increased up to 80 mass ppm C for the 12%CO atmosphere and up to 250
mass ppm for the atmosphere containing 40%CO.
In cycle 3, the carbon concentration was raised considerably in the skin and compared to
this a moderate increase in the bulk was obtained, Figure 6.29. How much the carbon
concentration level increased was a function of carburizing time and carbon potential in
the reactive gas. After 10s carburizing, the carbon content in all applied reactive
annealing atmospheres is in the range of 50-80 mass ppm. The higher the carbon
potential in the gas the higher was the carbon pickup. For longer carburizing times the
calculated carbon concentrations in the bulk were greatly expanded to values in the range
between 80-300 mass ppm for the weakest and the strongest carburizing atmosphere
containing 12%CO and 50%CO.
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Figure 6.28: Calculated bulk average carbon concentration as a function of square root
of carburizing time, cycle 2.
Bild 6.28: Berechneter Kohlenstoffgehalt im Probeninneren als Funktion der Wurzel
aus der Carburierzeit, Glühzyklus 2.
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Figure 6.29: Calculated bulk average carbon concentration as a function of square root
of carburizing time, cycle 3.
Bild 6.29: Berechneter Kohlenstoffgehalt im Probeninneren als Funktion der Wurzel
aus der Carburierzeit, Glühzyklus 3.
Results 6-23
6.3 Mechanical properties
The change in mechanical properties caused by a short carburizing treatment during
continuous annealing is shown for different annealing cycles. The first set is related to:
6.3.1 Recrystallization plus carburizing, cycle 2
After carburizing, the samples were 1.7% laboratory temper rolled in order to remove a
possible yield point elongation. Due to the carbon pickup the mechanical strength
increased. A small quantity of added carbon interstitials influenced yield strength and
tensile strength more strongly than compared to higher carbon contents, Figure 6.30.
Compared to the protective gas annealed samples, the values for the carburized samples
could be raised in a range from 125MPa to 230MPa for the yield strength and 310MPa to
360MPa for the tensile strength by an increased carbon content. The yield stress ratio was
raised from 0.4 up to 0.67 for higher carbon pickups.
Concerning the uniform and total elongation, the values deteriorated due to a raised total
carbon content. Compared to the values of the reference annealed samples the uniform
and total elongation values decreased from 23% and 44% (reference) down to 14% and
19% for the very heavily carburized samples having carbon contents of about 150-250
mass ppm C, Figure 6.32. Between 50 and 150 mass ppm C some total elongation values
were greatly reduced, due to the fact that some samples broke in the head range. The n-
value, numerical equal to the uniform elongation, showed a decline from 0.25 down to
0.19 in the range of 47 and 250 mass ppm C, Figure 6.33.
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Figure 6.30: Yield strength and tensile strength as a function of total carbon content.
Bild 6.30: Streckgrenze und Zugfestigkeit als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.31: Yield stress ratio as a function of total carbon content.
Bild 6.31: Streckgrenzenverhältnis als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.32: Uniform elongation and total elongation as a function of total carbon
content.
Bild 6.32: Gleichmaßdehnung und Bruchdehnung als Funktion des
Gesamtkohlenstoffgehaltes.
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Figure 6.33: n-value as a function of total carbon content.
Bild 6.33: n-Wert als Funktion des Gesamtkohlenstoffgehaltes.
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The r0°-value measured in rolling direction, showed just a slight decay from 2.5 down to
2.1 for very highly carburized samples, Figure 6.34. The added carbon interstitials
resulted in a bake hardenability, Figure 6.35. The samples carburized in an atmosphere
containing 12%CO showed a BH decline from 18MPa down to 6MPa by an increased
carbon content starting with 56 mass ppm up to 93 mass ppm. The BH values of the
samples carburized in an atmosphere containing 20%CO indicated the same trend, but the
BH capability started at a much higher level of 35MPa and decreased to 13MPa. For
almost all different reactive atmospheres this trend could be observed with the exception
of atmospheres containing 25% and 40%CO where a trend could not be clearly
determined. The measured age hardening behaviour showed the common trend of
decreased AH values with extended carbon contents. The age hardening values were in a
range of –10MPa to 40MPa, Figure 6.36. The bake hardening values were also plotted as
a function of age hardening. It can be concluded that with high age hardening values the
bake hardening effect was also generally increased. BH2-values of about 35MPa were
possibly connected with an age hardening of about 24MPa, but for age hardening values
of about 24MPa several BH2 values in the range of 13MPa to 35MPa were observed,
Figure 6.37.
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Figure 6.34: rRD-value as a function of total carbon content.
Bild 6.34: r0°-Wert als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.35: Bake hardening BH2 capability as a function of total carbon content.
Bild 6.35: Bake hardening BH2 als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.36: Age hardening AH as a function of total carbon content.
Bild 6.36: Age hardening AH als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.37: Bake hardening BH2 as a function of age hardening.
Bild 6.37: Bake hardening BH2  als Funktion des Age hardening.
6.3.2 Recrystallization plus carburizing, cycle 3, steel A
The next set of figures refers to cycle 3, where the carburizing time was set to a
maximum of 160s. After the annealing tests the samples were not temper rolled. The
annealing experiments showed that in comparison to the reference cycle, 7%H2-N2,
carburizing atmospheres with 2% up to 6% CO content increases mechanical strength of
Ti-IF sheet steel moderately. The yield strength increased up to 140 MPa and 180 MPa
respectively, Figure 6.38. Furthermore carburizing treatment with a 25%CO led to a
immense strength increase due to the high carbon pickup, yield strength increased to 345
MPa.
The influence of added carbon on tensile strength is smaller in comparison to the
influence on yield strength for low carbon potential atmospheres such as 2%-6%CO. An
increase to 400 MPa tensile strength can be evaluated for an atmosphere containing
25%CO, Figure 6.39.
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Figure 6.38: Yield strength as a function of carburizing time.
Bild 6.38: Streckgrenze als Funktion der Carburierzeit.
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Figure 6.39: Tensile strength as a function of carburizing time.
Bild 6.39: Zugfestigkeit als Funktion der Carburierzeit.
Corresponding to the described above, the yield stress ratio increases moderately for the
weak carburizing atmospheres in the range between 0.4-0.5 and to 0.86 for the stronger
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carburizing atmosphere, Figure 6.40. The yield point elongation is expanded by a longer
carburizing time due to higher carbon pickups. Yield point elongation occurs only when a
sufficient carbon concentration in the steel is introduced, but can be removed by a skin
pass treatment, Figure 6.41.
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Figure 6.40: Yield stress ratio as a function of carburizing time.
Bild 6.40: Streckgrenzenverhältnis als Funktion der Carburierzeit.
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Figure 6.41: Yield point elongation as a function of carburizing time.
Bild 6.41: Lüdersdehnung als Funktion der Carburierzeit.
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The uniform elongation is slightly affected by the lower carburizing atmospheres, but a
deterioration can be determined for the longest carburizing time of 160s, Figure 6.42. In
case of high CO content, the uniform elongation decreases to about 19%. A similar
course is obtained in case of the total elongation: starting at 48% according to the
reference annealed (cycle1), the total elongation deteriorates slightly for the lower CO
atmospheres down to 35% and down to 27% for the high CO atmosphere, respectively.
Concerning the n-value, the level of the reference annealed samples remains almost
constant for the carburizing atmospheres containing low amounts of CO, although a
slight decrease can be determined, Figure 6.43. Due to higher carbon pickup caused by
the carburizing atmosphere containing 25%CO, the n-value is more heavily influenced
and decreases to 0.19.
The carburizing treatment of Ti-IF steel could lead to bake hardening capability, Figure
6.44. Although the obtained BH2-values are not high, for the atmosphere containing
25%CO a bake hardening of about 20 MPa can be determined. For the weaker
carburizing no bake hardening was observed. By increasing the amount of carbon
interstitials in the IF steel, the age hardening is also increased, but within a range of ±20
MPa, Figure 6.45.
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Figure 6.42: Uniform elongation and total elongation as a function of carburizing time.
Bild 6.42: Gleichmaßdehnung und Gesamtdehnung als Funktion der Carburierzeit.
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Figure 6.43: n-value as a function of carburizing time.
Bild 6.43: n-Wert als Funktion der Carburierzeit
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Figure 6.44: Bake hardening BH2 capability as a function of carburizing time.
Bild 6.44: Bake hardening BH2 als Funktion der Carburierzeit.
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Figure 6.45: Age hardening AH as a function of carburizing time.
Bild 6.45: Age hardening AH als Funktion der Carburierzeit
6.3.3 Recrystallization plus carburizing, cycle 3, steel C
The next set of figures refer to cycle 3. However, several parameters such as the CO and
H2 content of the atmosphere and carburizing time were changed and the samples, steel
C, were 1.7% temper rolled after the carburizing treatment to remove a possible yield
point elongation. All mechanical properties are plotted as a function of the resulting
average carbon concentration for different atmospheres containing CO.
On the one hand, yield strength- and tensile strength values increased when the resulting
carbon pickup was higher, on the other hand the stronger the carburizing potential of the
atmosphere was, the more carbon was picked up by the samples. Maximum yield strength
and tensile strength values were 230 MPa and 380 MPa, respectively, Figure 6.46.
Another illustration shows the influence of the CO content of the reactive atmosphere on
the resulting yield and tensile strength. The lower the carbon potential or CO content in
the gas, the greater was the influence on yield strength compared to the tensile strength.
However, the higher the carbon potential, the higher the influence on the tensile strength,
Figure 6.47.
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Figure 6.46: Yield strength and tensile strength as a function of total carbon content.
Bild 6.46: Streckgrenze und Zugfestigkeit als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.47: Yield strength versus tensile strength for samples of steel C in cycle 1 and
cycle 3.
Bild 6.47: Streckgrenze als Funktion der Zugfestigkeit für Proben des Stahls C,
Glühzyklus 1 und Glühzyklus 3.
The yield stress ratio increased analogously, but for the most highly carburized samples
the values were slightly reduced when a maximum of 0.65 at 200-300 mass ppm C is
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passed. The weakest carburizing atmosphere was able to perform the highest gradient of
the yield stress ratio, ∆(YS/TS)/∆carbon content. The higher the CO content in the
reactive atmosphere, the lower the gradient of the yield stress ratio, Figure 6.48. Uniform
and total elongation decreased by increasing carbon content. For example at a carbon
level of 250 mass ppm the values deteriorated down to 19% and 25% respectively,
Figure 6.49. Corresponding to the uniform elongation the n-values followed a decreasing
trend, Figure 6.50. For the longest carburizing time in a atmosphere containing 50%CO-
50%H2 the n-values deteriorated to values lower than 0.2. However, for carbon
concentrations up to 240 mass ppm the n-values were in a range between 0.2-0.25.
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Figure 6.48: Yield stress ratio as a function of total carbon content.
Bild 6.48: Streckgrenzenverhältnis als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.49: Uniform elongation and total elongation as a function of total carbon
content.
Bild 6.49: Gleichmaßdehnung und Bruchdehnung als Funktion des
Gesamtkohlenstoffgehaltes.
The r0°-value deteriorated moderately due to the carbon pickup to a average carbon
content of 630 mass ppm. Values greater than 2 were still found, Figure 6.51.
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Figure 6.50: n-value as a function of total carbon content.
Bild 6.50: n-Wert als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.51: rRD-value as a function of total carbon content.
Bild 6.51: r0°-Wert als Funktion des Gesamtkohlenstoffgehaltes.
By increasing the carbon concentration in the steel, bake hardening capability is made
possible. The largest bake hardening effect was 39 MPa at a total carbon content of 91
mass ppm, but no clear trend could be determined, the values are in a range up to 39
MPa, Figure 6.52. Besides bake hardening, the added interstitials effected the age
hardening behaviour to values of 30 MPa, but no reliable trend could be found, Figure
6.53. The bake hardening values are plotted as a function of age hardening, Figure 6.54.
Both high BH values of about 30MPa to 40MPa combined with low (-1 MPa to 4MPa)
and higher age hardening values up to 20MPa were observed. For high age hardening
values of about 30MPa to 40MPa bake hardening values in the range of 3MPa to 27MPa
were measured.
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Figure 6.52: Bake hardening BH2 capability as a function of total carbon content.
Bild 6.52: Bake hardening BH2 als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.53: Age hardening AH as a function of total carbon content.
Bild 6.53: Age hardening AH als Funktion des Gesamtkohlenstoffgehaltes.
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Figure 6.54: Bake hardening BH2 as a function of age hardening AH of steel C, cycle 3.
Bild 6.54: Bake hardening BH2  als Funktion des Age hardening AH, Glühzyklus 3.
6.3.4 Recrystallization during carburizing, cycle 4
The mechanical properties of the cycle 4 carburized samples of steel A in comparison to
the reference annealing cycle 1 are shown in Table 6.1. The higher the CO partial
pressure of the carburizing gas (2%, 4% or 6%CO), the stronger was the increasing
influence of the added carbon on the strength. For an atmosphere containing 6%CO the
yield strength increased from 115 MPa to 186 MPa and the tensile strength from 323
MPa to 359 MPa. The yield stress ratio increased from 0.36 up to 0.52. The uniform
elongation and total elongation decreased to 19% and 40%, respectively.
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Cycle 1 Cycle 4Mechanical
properties FG 2%CO 4%CO 6%CO
YS, MPa 115 129 142 186
TS, MPa 323 331 336 359
YS/TS 0.36 0.39 0.42 0.52
Eluniform, % 27 25 24 19
Eltotal, % 49 40 32 40
n-value 0.26 0.25 0.24 0.20
Table 6.1: Mechanical properties of carburized samples (cycle 4, carburizing time was
200s) for three different CO contents in comparison to the reference annealing cycle 1.
Tabelle 6.1: Mechanische Eigenschaften von Proben, mit 3 verschiedenen CO-Gehalten
carburiert wurden (Glühzyklus 4, die Carburierzeit betrug 200s) im Vergleich zu
Referenzproben, die im Glühzyklus 1 geglüht wurden.
The mechanical properties of the samples carburized in cycle 4 only show slight
differences to the values resulting from cycle 3. Although the time of carburizing was 40s
more in cycle 4 than in cycle 3, the mechanical properties did not change very much,
because the carburizing reactions need a high temperature to start. However, with an
increased carbon potential in the gas, the carburizing influence was more detrimental at
the beginning of recrystallization.
6.3.5 Two-stage cycle 5, carbon gradient profiles and mechanical properties
Samples of steel C were carburized for 10s in an atmosphere containing 40%CO at
810°C in accordance with cycle 3. In addition an overageing treatment was performed for
different times to evaluate the change of the carbon concentration profile and its
influence on mechanical properties. Half of the samples were 2.6% temper rolled to
suppress a possible yield point elongation. After 10s carburizing a carbon concentration
increase to about 250 mass ppm in the first 50µm was determined, Figure 6.55. After an
annealing at 480°C for different times the carbon concentration was lowered
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significantly. The average carbon concentration, measured in the first 35µm, is plotted as
a function of overageing time evaluating the exponential decrease with longer annealing
times, Figure 6.56. The longer the carbon could diffuse towards the bulk, the lower the
residual carbon in the skin was.
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Figure 6.55: GDOS carbon measurements into 50µm depth. The samples were first
carburized for 10s in 40%CO-40%H2-N2 (cycle 3) then annealed at 480°C for different
times in cycle 5.
Bild 6.55: GDOS Kohlenstoffprofile bis zu einer Tiefe von 50µm. Die Proben wurden
zuerst für 10s in 40%CO-40%H2-N2 aufgekohlt, Glühzyklus 3, anschließend bei 480°C
für verschiedene Zeiten geglüht, Glühzyklus 5.
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Figure 6.56: Average carbon concentration in the first 35µm below surface as a function
of overageing time. Cycle 5: The samples were first carburized for 10s in 40%CO-
40%H2-N2 in the first step (cycle 3) then overaged at 480°C in a second step.
Bild 6.56: Gemittelter Kohlenstoffgehalt bis zu einer Tiefe von 35µm. Glühzyklus 5: Die
Proben wurden zuerst für 10s in 40%CO-40%H2-N2 in einem ersten Schritt aufgekohlt,
Glühzyklus 3, anschließend bei 480°C für verschiedene Zeiten in einem zweiten Schritt
überaltert.
The mechanical properties of carburized samples of steel C (40%CO, 10s, cycle 3), i.e.
yield strength and tensile strength, did not change during overageing at 480°C, Figure
6.57. The only difference was the yield strength level between the temper rolled and the
not temper rolled samples, 251MPa and 207MPa respectively. The annealing treatment at
480°C showed no effects on the bake hardening capability. For the not temper rolled and
temper rolled samples the BH2-values were on different levels, about 4MPa and about
26MPa, respectively, Figure 6.58. The age hardening behaviour of the not temper rolled
samples is at a rather low level compared to the temper rolled samples, that were at a
level of 16MPa until 160s, Figure 6.59. Age hardening decrease was measured only for
long diffusion times such as 240s.
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Figure 6.57: Yield strength and tensile strength as a function of overageing time. Cycle
5: The samples were first carburized for 10s in 40%CO-40%H2-N2 in the first step
(cycle 3) then overaged at 480°C in a second step.
Bild 6.57: Streckgrenze und Zugfestigkeit als Funktion der Überalterungszeit.
Glühzyklus 5: Die Proben wurden zuerst für 10s in 40%CO-40%H2-N2 in einem ersten
Schritt aufgekohlt, Glühzyklus 3, anschließend bei 480°C für verschiedene Zeiten in
einem zweiten Schritt überaltert.
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Figure 6.58: Bake hardening capability BH2 as a function of diffusion time. Cycle 5:
The samples were first carburized for 10s in 40%CO-40%H2-N2 in the first step (cycle
3) then overaged at 480°C in a second step.
Bild 6.58: Bake hardening BH2 als Funktion der Überalterungszeit. Glühzyklus 5: Die
Proben wurden zuerst für 10s in 40%CO-40%H2-N2 in einem ersten Schritt aufgekohlt,
Glühzyklus 3, anschließend bei 480°C für verschiedene Zeiten in einem zweiten Schritt
überaltert.
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Figure 6.59: Age hardening AH as a function of overageing time. Cycle 5: The samples
were first carburized for 10s in 40%CO-40%H2-N2 in the first step (cycle 3) then
overaged at 480°C in a second step.
Bild 6.59: Age hardening AH als Funktion der Überalterungszeit. Glühzyklus 5: Die
Proben wurden zuerst für 10s in 40%CO-40%H2-N2 in einem ersten Schritt aufgekohlt,
Glühzyklus 3, anschließend bei 480°C für verschiedene Zeiten in einem zweiten Schritt
überaltert.
6.3.6 Two-stage cycle 6a,b,c
Carburizing samples of steel C were carburized in high carbon potential atmosphere
(40%CO, 60s, cycle 3) which led to the formation of austenite layer of about 25µm
thickness. After cooling, the layer was pearlitic. In order to evaluate the mechanical
properties after adjusting different structures in the layer, the samples were heated,
soaked for 45s at 835°C and cooled in three different ways. The highest cooling rate was
150K/s by water quenching, cycle 6a. Quenching in oil resulted in 53K/s cooling rate
(cycle 6b) and for a natural air cooling 8K/s was obtained, cycle 6c. As shown in the next
figures a martensitic, bainitic/pearlitic or ferritic/pearlitic microstructure could be
obtained depending on cooling rate. The mechanical properties that were obtained
differed according to the microstructure achieved, Figure 6.60. The samples were not
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temper rolled. The lowest yield strength was achieved for the water quenched sample
ranging between 170-200MPa. By reducing the cooling rate to 53 K/s and 8K/s almost no
difference was observed between the yield strength values. Both were in the range
between 250-280 MPa. In contrast to this the highest tensile strength was observed for
the water quenched samples (430MPa). The samples with decreased cooling rates had
tensile strength values of about 380-360MPa for oil and air cooled samples respectively.
As a result of the extreme cooling condition the uniform and total elongation deteriorated
to 8% or 16% to 23% for the water and oil quenched samples, respectively, Figure 6.61.
Only the samples which had been cooled very slowly had values of 23% uniform and
43% total elongation. The highest bake hardening capability was observed for the most
intensely cooled samples (24-28MPa). For the oil and air cooled samples, a yield point
elongation of about 3.3% and 4% were measured respectively. In contrast to this, the
water quenched samples had no yield point elongation, Figure 6.62.
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Figure 6.60: Yield strength and tensile strength as a function of cooling rate, steel C in
cycle 6a, b, c, thickness of surface layer : 25µm.
Bild 6.60: Streckgrenze und Zugfestigkeit als Funktion der Abkühlrate, Stahl C, nach
Glühzyklus 6a, b, c, Dicke der Oberflächenschicht: 25µm.
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Figure 6.61: Uniform elongation and total elongation as a function of cooling rate, steel
C, cycle 6a, b, c.
Bild 6.61: Gleichmaßdehnung und Zugfestigkeit als Funktion der Abkühlrate, Stahl C,
nach Glühzyklus 3 und Glühzyklus 6a, b, c.
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Figure 6.62: Yield point elongation as a function of cooling rate.
Bild 6.62: Lüdersdehnung als Funktion der Abkühlrate
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6.3.7 Comparison of uniform elongation vs. tensile strength
If the elongation values of the reference annealed and all carburized samples of steel C
are applied as a function of the tensile strength, the cycles can be characterised
statistically. If the strength of steels is increased, the elongation values typically decrease.
However, the extent of the decrease of the elongation values varies. The uniform
elongation of the reference samples was in the range between 20%-28% at 300MPa
tensile strength, Figure 6.63. In reactive annealing cycle 2, the uniform elongation values
decreased with a large scattering the higher the tensile strength increased. Exactly the
same tendency could be observed for cycle 3. However, the uniform elongation values
were at a significantly higher level, the difference was approximately 5% at 300MPa and
2% at 375MPa tensile strength. According to cycle 4, the deteriorating influence of a
carburizing treatment started before new grains could have nucleated. The higher the
tensile strength, the greater the reduction of uniform elongation was due to the added
carbon interstitials and the incompletely recrystallized skin.
A similar trend could be determined for the total elongation values, Figure 6.64. The
total elongation of the reference samples was in the range between 43%-53% at 300MPa
tensile strength. The total elongation values in cycle 2 decreased also with a large
scattering the higher the tensile strength increased. The same trend could be observed for
values of cycle 3. However, the total elongation values were also at a significantly higher
level, the difference was approximately 8%. According to cycle 4, the deteriorating
influence of a carburizing treatment started before new grains could have nucleated. The
higher the tensile strength, the greater the reduction of total elongation was due the added
carbon interstitials and the incompletely recrystallized skin.
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Figure 6.63: Uniform elongation as a function of tensile strength for reference annealed
(cycle 1) and all carburized samples (cycle 2, cycle 3 and cycle 4, cycle 3+5 and cycle
3+6a,b,c) of steel C.
Bild 6.63: Gleichmaßdehnung als Funktion der Zugfestigkeit für Referenzproben
(Glühzyklus 1) und alle carburierten Proben des Stahls C (Glühzyklus 2, 3, 4,
Glühzyklus 3+5, Glühzyklus 3+6a,b,c).
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Figure 6.64: Total elongation as a function of tensile strength for reference annealed
(cycle 1) and all carburized samples (cycle 2, cycle 3 and cycle 4, cycle 3+5 and cycle
3+6a,b,c) of steel C.
Bild 6.64: Bruchdehnung als Funktion der Zugfestigkeit für Referenproben (Glühzyklus
1) und alle carburierten Proben des Stahls C (Glühzyklus 2, 3, 4, Glühzyklus 3+5,
Glühzyklus 3+6a,b,c).
6.4 Secondary Work Embrittlement (SWE)
The resistance to secondary work embrittlement was measured by drop weight tests. In
these tests the ductile to brittle transition temperature (DBTT) was evaluated. Samples of
steel C, reference annealed and 40s carburized in atmosphere containing 20%CO (cycle
3), are shown in Figure 6.65. For the reference annealed samples a circumferential
elongation of about 10% was measured at –70°C, at –80°C no elongation was measured,
because the sample cracked. In general if a crack occurred the circumferential elongation
was set to zero. The ductile to brittle transition temperature was determined to be in the
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range between –70°C to –80°C. By adding a carburizing treatment, the ductile to brittle
transition temperature was lowered by –60K to be in a range between –130°C to –140°C.
For a reference annealed ULC steel that contains 350 mass ppm phosphorus, the ductile
to brittle transition temperature is in the range between –130 to –140°C. By adding a
carburizing treatment for 40s in an atmosphere containing 20%CO (cycle 3) the transition
temperature was lowered by –10K or more, Figure 6.66.
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Figure 6.65: SWE results evaluated by drop weight tests at different temperatures for
samples of steel C, reference annealed (cycle 1) and carburized for 40s with an
atmosphere containing 20%CO according to cycle 3.
Bild 6.65: SWE Ergebnisse aus drop weight Tests, die bei verschiedenen Temperaturen
durchgeführt wurden. Proben des Stahls C wurden sowohl unter Schutzgas geglüht
(Glühzyklus 1), als auch 40s in 20%CO enthaltender Atmosphäre aufgekohlt,
Glühzyklus 3.
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Figure 6.66: SWE results evaluated by drop weight tests at different temperatures for
samples of steel P, reference annealed (cycle 1) and 40s carburized with an atmosphere
containing 20%CO according to cycle 3.
Bild 6.66: SWE Ergebnisse aus drop weight Tests, die bei verschiedenen Temperaturen
durchgeführt wurden. Proben des Stahls P wurden sowohl unter Schutzgas geglüht
(Glühzyklus 1), als auch 40s in 20%CO enthaltender Atmosphäre aufgekohlt,
Glühzyklus 3.
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7 Discussion
Interstitial Free (IF) steels contain a sufficient amount of excess carbonitride forming
elements, such as Ti, Nb and V, which provide excellent deep drawing capability and
non-ageing properties. A strong (111) texture resulting in high r-values combined with
low yield strength required for Extra Deep Drawing Quality is desired. To meet these
requirements, the content of interstitials was strongly reduced in order to enable a
recrystallization in an interstitial free matrix. These steel grades still have some
disadvantages such as a generally weak mechanical strength and high reactivity in the
grain boundaries during galvannealing, which produces brittle intermetallic compounds
between Fe and Zn that lead to outburst structures. Furthermore the resistance to
secondary work embrittlement is rather low due to the absence of soluble interstitials in
grain boundaries.
Solutions such as alloying with phosphorus increased the strength levels of IF steels.
However, phosphorus promotes cold work embrittlement due to intergranular fracture.
To counteract this, boron is added in small amounts in order to effectively inhibit the cold
work embrittlement effectively. Nevertheless, this results in the r-value deteriorating and
an increase in the recrystallization temperature. Another solution to achieve soluble
carbon after recrystallization was obtained by high annealing temperature and higher
cooling rates associated with understoichiometric stabilising conditions of Ti and/or Nb.
These sheet steels tend to have bake hardening capability and a better resistance to
secondary work embrittlement.
The objective of this project was to change the surface properties of sheet steel by
annealing in reactive atmospheres such as CO-H2-N2. The bulk properties were to be
maintained, because of the beneficial (111) texture resulting in an excellent drawability.
A short carburizing treatment during continuous annealing can modify ULC steels at the
skin in different ways depending on the carburizing strength and processing time.
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7.1 Carburizing effect on microstructure
A carburizing treatment of IF steel can be applied before or after recrystallization has
taken place. If carburizing is applied during heating before new grains have nucleated,
the added carbon interstitials can hinder or prevent grain boundary movements in the
surface region, so that a partially recrystallized skin is obtained, Figure 6.3. As a result,
for example, the uniform and total elongation are strongly influenced to reduced values
by the increased tensile strength, Figure 6.63 and Figure 6.64. In order to obtain a
homogeneously recrystallized microstructure, the carburizing has to be started after new
grains have nucleated, Figure 6.2.
The higher the carbon potential of a carburizing atmosphere, the higher is the carbon
pickup due to Equation 2.22. This could lead to the formation of an austenite layer which
has a much higher solubility for carbon than the ferrite, whereas the formation of an
austenite layer of about 18µm is connected with a much higher mean carbon content in
the bulk, Figure 6.29. If no austenite layer is formed, a higher carbon concentration at the
skin compared to the bulk can be achieved. For example the carbon gradients after 10s
carburizing in atmospheres containing 12%, 20% and 33%CO had 100-150 mass ppm C
at the skin. The C concentration decreased to 40 mass ppm in 10µm depth for the
atmospheres containing 12% and 20% CO. The C concentration decreased to 40 mass
ppm in 25µm below the surface for the atmospheres containing 33% CO, Figure 6.21.
7.2 Hardness profiles
The change of strength along the depth into the steel bulk could also be evaluated by
hardness profiles. The stronger the carburizing atmosphere and the longer the reactive
annealing period, the more carbon interstitials were introduced, a hardness increase
towards the skin was determined for samples of steel A, Figure 6.10-Figure 6.12.
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7.3 Change of mechanical properties
7.3.1 Increased strength
An increase in strength due to picked up carbon was observed in carburized samples of
Ti-IF steel. The modified yield and tensile strength could be increased from 125MPa and
310MPa to a range from 230MPa to 380 MPa, respectively. Two effects of different
carburizing treatments were observed: A stronger influence on yield strength compared to
the increase of tensile strength was noticed if lower carbon potentials were used. More-
over, if higher carbon potentials were used, the increase of tensile strength was larger
compared to the rise in yield strength. At first, yield strength increased due to
interstitially solved carbon atoms that were picked up during reactive annealing.
Furthermore, if a large amount of carbon was introduced, the yield strength was slightly
reduced while the tensile strength was still raised, Figure 6.47. It is presumed that with
higher carbon contents and longer carburizing times precipitation hardening takes place
and/or the formation of perlite at the skin is added.
A diffusion treatment at 480°C (40s-240s) after 10s carburizing showed no change of
yield and tensile strength, Figure 6.57. It is presumed that the yield and tensile strength
are mostly affected by soluble carbon, which started at a level of 250 mass ppm in the
first 50µm after carburizing, Figure 6.55 and Figure 6.56. If diffusion was enabled at
480°C, the levels of the gradients were reduced to 115 mass ppm, but no strength change
occurred.
In the course of the yield and tensile strength increase, the uniform and total elongation
values and n-value were reduced. This depended on the strength of the carburizing
atmosphere and time. The more carbon was picked up, the more deteriorated the
elongation values, Figure 6.49 and Figure 6.50.
The r0°-value, measured in the rolling direction, is only slightly influenced by the added
carbon atoms. A favourable (111)-texture could be created, because the carburizing was
set up after recrystallization. Almost all measured r0°-values were in the range between 2
and 3. Considering the linear fit for the r0°-value as a function of average carbon content
after carburizing treatment, the loss was about 0.1/100 mass ppm C, Figure 6.51.
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7.3.2 Bake hardening and age hardening
Due to a sufficient carbon pickup into Ti-IF steel a bake hardening effect could be
observed. Both high BH values of about 30MPa to 40MPa combined with low age
hardening and higher age hardening values up to 20MPa were observed. For high age
hardening values of about 30MPa to 40MPa the bake hardening values in the range from
3MPa to 27MPa were measured, Figure 6.54. The cooling rate was 35K/s and the temper
rolling was 1.7%. It is presumed that a higher cooling rate and a reduced temper rolling
would result in higher bake hardening values, but the age hardening behaviour would be
still a problematic parameter to control. The bake hardening properties are limited by the
requirement that no room temperature ageing occurs, [Ble94]. The optimum amount of
solid solute carbon in bake hardening sheet steel is estimated to be 5-10 mass ppm,
[Els93].
In another experiment a bake hardening effect of about 25MPa was observed after
carburizing according to cycle 3 (40%CO-10s) and 2.6% temper rolling, Figure 6.58.
Although the carbon concentration within 35µm depth below the surface was lower than
the Tiexc./4-value, bake hardening was possible. The reason is presumed to be the lack of
time to precipitate all carbon atoms and thus to achieve an interstitial-free matrix. As a
result, a part of the added atoms remained soluble. Although diffusion times up to 240s at
480°C were set up, the bake hardening effect did not change. In contrast to this the age
hardening disappeared after 240s diffusion time at 480°C. The not-temper rolled samples
had almost no BH2 and AH, which is supposed to be due to a too low dislocation density.
Only if the combination of a sufficient amount of interstitials is soluble in deep drawing
steels and an appropriate dislocation density is available to pin, an appropriate bake
hardening effect can be obtained. The bake hardening is first related to the Cottrell effect,
secondly to a precipitation hardening effect.
7.3.3 Comparison of all annealing cycles
Comparing cycles 2-4 to cycle 1, reactive annealing cycle 3 appears to be better than
cycle 2, i.e. in terms of higher uniform and total elongation values at the same tensile
strength level. The difference of the uniform elongation between cycle 3 and cycle 2, is in
the range of 2-5%, Figure 6.63, the difference of total elongation between cycle 3 and 2 is
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in the range of 5-10%, Figure 6.64. It is presumed that the carburizing speed in cycle 3 is
higher compared to cycle 2 due to the lower dew point in the carburizing atmosphere of
cycle 3. Even though the carburizing gas mixture was filled into the furnace minutes
before the carburizing treatment in cycle 2 had begun, the carbon potential was at least
lower than in cycle 3. Because of the very high influence of the water content on carbon
potential, higher dew points resulted in a lower carbon flux.
The soaking time according to cycle 3 was 40s shorter than according to cycle 2. As a
result the grain sizes were slightly different: Cycle 2 mean grain size at the skin: 15µm,
in the bulk: 14µm; cycle 3 mean grain size at the skin: 14µm, in the bulk: 13µm.
A diffusion annealing at 480°C for different times was added after 10s reactive annealing
in an atmosphere containing 40%CO, cycle 3. The resulting mechanical values, uniform
and total elongation as a function of tensile strength, were in the average of the values
generated by cycle 3, Figure 6.63 and Figure 6.64.
After the formation of an austenite layer of 25µm thickness, 60s in an atmosphere
containing 40%CO according to cycle 3, the samples were homogenised at 835°C for
45s. The samples were then cooled differently according to cycles 6a, b and c. Due to the
martensitic skin. The achieved mechanical properties for the water-quenched samples
were far beyond the range of all other values of carburized samples. Compared to
reference annealed samples the mechanical strength could be raised by about
∆YS=75MPa and ∆TS=128, while the elongation values were decreased by ∆Eluniform
about -15% and ∆Eltotal about -45%. Surprisingly, no yield point elongation was
measured in this case. This can be explained by mobile dislocations produced due to the
high residual stresses that were inserted into the bulk when a 25µm martensitic skin was
formed, an in situ deformation, similar to a dual phase effect, Figure 6.62.
A bainitic/pearlitic skin was produced after oil quenching. The mechanical strength of the
samples could be increased compared to the reference annealed samples by about
∆YS=136MPa and ∆TS=67MPa. The elongation values decreased by ∆Eluniform = -6%,
Figure 6.63, and ∆Eltotal= -31%, Figure 6.64. In this case 3% yield point elongation was
observed, Figure 6.62.
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7.3.4 Improved resistance against secondary work embrittlement
IF steels are known to be sensitive to brittle fracture during cold forming due to softened
ferrite grain boundaries. Especially if P segregates to the grain boundaries, IF steels are
more sensitive to SWE than low carbon steels due to the absence of interstitials dissolved
in the grain boundaries.
Classical annealed, cycle 1, and during continuous annealing carburized Ti-IF and a
phosphorus alloyed Ti/Nb-IF sheet steel were tested in drop weight tests. This was done
in order to investigate the ductile to brittle transition temperature as a characteristic
parameter of resistance against SWE. The carburizing treatment was performed with a
20%CO-20%H2-N2 atmosphere for 40s according to cycle 3. Two effects were observed:
1. Compared to reference annealed samples of steel C, Ti-IF steel, the transition
temperature of the carburized samples was lowered by about 60°C to –130/-140°C,
Figure 6.65. The transition temperature of the samples containing phosphorus was
reduced to the minimum for 10°C to –150/-160°C or lower, Figure 6.66. In this case it
was not possible to perform drop weight tests at lower temperatures.
2. The circumferential elongation of the dropped cups was reduced in the case of the
carburized P-Ti/Nb-IF steel.
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8 Conclusions
Interstitial Free (IF) steels are characterised by the absence of interstitials such as carbon
and nitrogen. IF steels contain a sufficient amount of excess carbonitride forming
elements, such as Ti, Nb and V, which provide excellent deep drawing capability with
high r0°-values and non-ageing properties. However, these steel grades still have some
disadvantages such as a general weak mechanical strength, high reactivity at the grain
boundaries during galvannealing, which produce brittle intermetallic compounds between
Fe and Zn that can lead to outburst structures and a rather low resistance to secondary
work embrittlement due to the absence of dissolved interstitials at grain boundaries.
Taking this in consideration, the possibilities and limits of reactive annealing during
continuous annealing of sheet steel was investigated. The conclusions can be summarised
as follows:
The introduction of interstitials such as carbon during continuous annealing increases
mechanical strength. However, to achieve fully recrystallized grains with a favourable
(111)-texture the carburizing treatment should start after new grains have nucleated.
Otherwise, if the carburizing starts before new grains have nucleated, the recrystallization
is retarded or inhibited at the surface. As a result, a partially recrystallized skin is
produced, deteriorating the uniform and total elongation, n-value and r0°-value.
Yield strength and tensile strength of Ti-IF sheet steel can be modified in a wide range
from 120-230MPa and 300-380MPa, respectively. Uniform and total elongation are
decreased by 23-16% and 44-27%, respectively. Lower CO-H2 contents in the reactive
gas atmosphere have more effect on the yield strength than on tensile strength. In contrast
to this, if higher CO-H2 contents are used, even for short carburizing periods, tensile
strength is more affected compared to the lower carburizing case. The strength increase
due to the carbon gradient can be easily verified by hardness measurements.
Corresponding to the resulting carbon gradients, higher Vickers hardness values were
found at the skin compared to classically annealed samples.
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If a high amount of carbon is introduced into IF steel the material is no longer free of
ageing. Bake hardening combined with age hardening is possible. Both high BH2-values
combined with low and high age hardening values were observed and vice versa, e.g.
BH2/AH=39/4, 38/25 and 3/33. Considering a diffusion annealing for 240s at 480°C the
age hardening could be reduced while bake hardening capability of about 27MPa was
still possible. The r0°-value is only slightly affected by the carburizing even if an pearlitic
layer is formed. For example, after 60s carburizing a favourable r0°-value of about 2 was
observed for a Ti-IF sheet steel having at least 630 mass ppm C.
The carbon flux into the sheet steel is proportional to the carbon potential in the reactive
gas atmosphere. By raising the CO-H2 contents combined with a low dew point the
carbon pickup is increased; it is reduced if lower CO-H2 contents with higher dew points
are used. The carburizing treatment with CO-H2-H2O-N2 gas mixtures makes it possible
to change the skin of IF steel within seconds due to the high reaction rate of the used gas
species. The carbon potential determines the carbon activity of the sample in equilibrium
with the gas atmosphere. If the carbon potential is greater than the carbon content at A3
the ferrite transforms to austenite. If the carbon potential is greater than the carbon
concentration at Acm soot will be produced. By carburizing it is possible to form an
austenite layer of about 25µm thickness at 810°C if the carbon potential in the gas is
sufficient high enough. However, this is connected with a high carbon concentration at a
depth of about 250µm in the bulk. After this steep drop the carbon concentration ranges
up to 400 mass ppm and then decreases down to the bulk concentration of 40 mass ppm.
If no austenite layer is formed a more moderate carbon gradient is created. For example a
concentration of 100 mass ppm C in a depth of 2µm below the steep drop decreases down
to 40 mass ppm in a depth of 10µm.
The carbon pickup produces a carbon gradient that can be divided into three parts: I. A
highly carbon enriched skin with a concentration of 3000-8000 mass ppm into a depth of
about 0.5µm up to 25µm. II. A steep drop, the carbon concentration decreases to a range
between bulk concentration and 400 mass ppm, depending on carburizing strength and
time. III. The next part is characterised by a slight decrease of carbon concentration
within the ferrite matrix down to bulk concentration. This part can reach far into the bulk
to 250µm or more. This means for very highly carburizing conditions that more than 60%
of the thickness of 0.8mm Ti-IF sheet steel can be modified within 60s at 810°C. A short
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carburizing treatment during continuous annealing can significantly improve the
resistance of Ti-IF and P-Ti/Nb-IF steel to secondary work embrittlement (SWE).
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9 Outlook
With regard to IF sheet steels an increased strength associated with bake hardenability,
with moderate ageing properties and excellent drawability can be obtained in IF sheet
steels, however, low age hardening properties have to be controlled properly. Even the
resistance to secondary work embrittlement of IF steel is improved. Higher strength
levels of IF steel are attainable, but the ageing properties at room temperature are
greatly deteriorated.
The carburizing has to be properly controlled at the right time slot during continuous
annealing. In order to form a strong and steep carbon gradient, the carburizing strength
and time should be strong and short, rather than weak and long. A small carburizing
section in a continuous annealing line would be advantageous. A disadvantage of this
small carburizing section would be the higher risk of soot production if higher carbon
potentials are required. On the other hand, in order to form a softer carbon gradient,
parameters such as carburizing strength have to be rather weak and carburizing time
has to be longer. Easier carburizing control due to a lower risk of soot production
would be advantageous; a disadvantage would be the need for a longer carburizing
section. The suitable quantity of added carbon and the shape of the added carbon
profile must be determined. Either the carbon profile is steep with a high carbon
content in the surface, while the bulk is not influenced or the carbon profile is plain,
enabling the diffusion of carbon into the bulk.
In ULC steels alloying elements such as Ti, Al, Cr, B, Si and Mn are sensitive to
oxidation. It is thinkable that a carbon gradient between surface and bulk leads to a
change in diffusion and oxidation rate of these elements. Beside the fast carburizing
with CO-H2-N2 mixtures, it could be important to examine a carburizing with CH4 in
order to avoid reactions with elements such as Mn, Si, etc. that have a strong affinity
to oxygen. It would then be easier to control the steel/zinc alloying process.
It would be of interest to examine the effect of a small austenite surface layer to the
Zn-Fe reactivity during galvanising and galvannealing. The produced austenite layer
could result in a better Fe-Zn reactivity during galvanising and galvannealing. This
could be a way to avoid problems during hot dip coating in the zinc bath.
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Several sheet steels are annealed in a continuous annealing line at lower temperatures
compared to IF steel annealing temperatures between 800°C and 850°C. If the
carburizing treatment at temperatures lower than 800°C is concerned, the carburizing
will be problematic due to an increased carbon potential in the gas, the risk of soot
production, a reduced carbon flux and thus a lowered carbon diffusion in the sheet
steel.
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10 Summary
Interstitial Free (IF) steels contain a sufficient amount of excess carbonitride forming
elements, such as Ti, Nb and V, which provide excellent deep drawing capability and
non-ageing properties. These steel grades still have some disadvantages such as a
generally weak mechanical strength and high reactivity in the grain boundaries during
galvannealing, which produces brittle intermetallic compounds between Fe and Zn that
lead to outburst structures. Furthermore the resistance to secondary work
embrittlement is rather low due to the absence of soluble interstitials in grain
boundaries.
A remedy could be a defined amount of carbon in solution added after recrystallization
finished, especially in the surface. The possibilities and limits of a change in surface
properties of Ti-IF sheet steel by a short time annealing in reactive atmospheres were
evaluated. Gas mixtures containing CO, H2 and N2 were used as reactive atmospheres
to carburize the skin; the bulk properties were maintained. The results can be
summarised as follows:
3. The introduction of interstitials such as carbon during continuous annealing
increases mechanical strength. However, to achieve fully recrystallized grains with
a favourable (111)-texture the carburizing treatment should start after new grains
have nucleated. Otherwise, if the carburizing starts before new grains have
nucleated, the recrystallization is retarded or inhibited at the surface. As a result a
partially recrystallized skin is produced, deteriorating the uniform and total
elongation, n-value and r0°-value.
4. A short carburizing treatment during continuous annealing can significantly
improve the resistance of Ti-IF and P-Ti/Nb-IF steel to secondary work
embrittlement (SWE).
5. Yield strength and tensile strength of Ti-IF sheet steel can be modified over a wide
range from 120-230MPa and 300-380MPa, respectively. Uniform and total
elongation are decreased to 23-16% and 44-27%, respectively.
6. The r0°-value, measured in the rolling direction, is only slightly influenced by the
added carbon atoms. A favourable (111)-texture could be created, because the
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carburizing was set up after recrystallization. Almost all measured r0°-values were
in the range between 2 and 3.
• The higher the carbon potential of a carburizing atmosphere, the higher is the
carbon pickup. This could lead to the formation of an austenite layer which has a
much higher solubility for carbon than the ferrite. However, this is connected with
a high carbon concentration at a depth of about 250µm in the bulk.
• If no austenite layer is formed, a higher carbon concentration at the skin compared
to the bulk can be achieved. For example the carbon gradients after 10s carburizing
in atmospheres containing 12%, 20% and 33%CO had 100-150 mass ppm C at the
skin, whereas the base carbon content was 40 mass ppm. The carburizing in
atmospheres containing 12% and 20% CO resulted in a decrease of C to 40 mass
ppm in 10µm depth.
• Due to a sufficient carbon pickup by Ti-IF steel a bake hardening effect could be
observed. Both high BH values of about 30MPa to 40MPa combined with low age
hardening and higher age hardening values up to 20MPa were observed.
The carbon pickup produces a carbon gradient that can be divided into three parts:
1. An highly carbon enriched skin with a concentration of 3000-8000 mass ppm to a
depth of about 0.5µm up to 25µm.
2. A steep drop, the carbon concentration decreases to a range between bulk
concentration and 400 mass ppm, depending on carburizing strength and time.
3. The next part is characterised by a slight decrease of carbon concentration within
the ferrite matrix down to bulk concentration. This part can reach far into the bulk
down to 250µm or more. This means for very highly carburizing conditions that
more than 60% of the thickness of 0.8mm Ti-IF sheet steel can be modified within
60s at 810°C.
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12 Kurzfassung
Der Einfluss einer kurzzeitigen Carburierung während der kontinuierlichen Glühung von
Ti-mikrolegiertem IF-Stahlblech auf die mechanischen Eigenschaften wurde untersucht.
Durch das Verändern der konventionellen Schutzgasatmosphäre zu einer CO-, H2- und
N2- enthaltenden reaktiven Atmosphäre während der Glühung wurden Kohlenstoffatome
in den Randbereich der Blechoberfläche eingebracht. Aufgrund der Kohlenstoffaufnahme
wurde die Festigkeit der Bleche erhöht, wobei ein Bake hardening-Potenzial in
Verbindung mit guten Umformeigenschaften erreicht werden konnte, wenn die
Carburierbehandlung nach Beginn der Rekristallisation einsetzte. Bei starker Aufkohlung
wurde eine dünne Austenitschicht bei 810°C von einigen µm Dicke erzeugt, die je nach
Abkühlungsbedingung martensitisch, bainitisch perlitisch oder ferritisch perlitisch
umwandelte.
12.1 Einführung
Bleche mit geringen Streckgrenzwerten in Verbindung mit hoher Umformbarkeit werden
für komplizierte Formteile aus kaltgewalzten Stahlblechen benötigt. Interstitial Free (IF)
Stähle sind Stähle mit niedrigem Kohlenstoffgehalt (ca. 40 Massen ppm C), die einen
genügend hohen Gehalt an carbonitridbildenden Elementen wie Ti, Nb und V enthalten,
um sehr gute Tiefzieheigenschaften mit Alterungsfreiheit zu garantieren. Solche
Stahlsorten werden im Automobilbau für Außenhautteile verwendet. Die Forderung nach
hochfesten gut umformbaren Stählen führte dazu, IF Stähle mit Phosphor zu legieren.
Weiterhin wurden Stähle entwickelt, die nach dem Glühen noch gelösten Kohlenstoff
enthielten. Dies wurde durch ein unterstöchiometrisches Verhältnis der Ti- oder Ti/Nb-
Gehalte zum gesamten Kohlenstoff und Stickstoff sowie durch hohe Glühtemperaturen
und hohe Abkühlraten erzielt. Die so behandelten Stähle zeigen ein Bake hardening-
Potenzial.
Es wurde erwartet, dass eine kurzzeitige Aufkohlung von IF Stahl während einer
kontinuierlichen Glühung zu Eigenschaftsgradienten führt, da die zeitabhängigen Gas-
Metall-Reaktionen an der Oberfläche nicht den Gleichgewichtszustand erreichen. Wenn
nach der Rekristallisation eine bestimmte Menge Kohlenstoff in Ti-IF Stahl zugegeben
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würde, so können gute Tiefzieheigenschaften in Kombination mit einem Bake hardening-
Potenzial erwartet werden.
12.2 Versuchsdurchführung
12.2.1 Glühsimulator
Der Blechglühsimulator im Institut für Eisenhüttenkunde der RWTH-Aachen besteht aus
zwei 3-Zonenöfen mit 28 und 14 kW Leistung; die maximale Ofentemperatur beträgt
jeweils 1100°C; zwischen den Öfen befindet sich eine Abkühlkammer, Bild 12.1. In den
Öfen befinden sich Rohre, in denen die Proben unter definierter Gasatmosphäre geglüht
werden können. Im ersten Ofen kann ein Gasgemisch aus N2, H2, NH3, CH4 und CO mit
digitalen Massendurchflußreglern eingestellt werden. Eine Sauerstoffsonde zur Online-
Prozeßkontrolle ist in der Mitte des ersten Ofens platziert. Zwischen den beiden Öfen
befindet sich eine Abkühlkammer, in der verschiedene Abkühlgeschwindigkeiten mit
Formiergas mittels Flachstrahldüsen bis zu 25 K/s zwischen 800-500°C erzielt werden
können. Diese Kammer dient gleichzeitig der Beladung; die Proben werden an einen
Probenschlitten gehängt und mit Hilfe von Pneumatikzylindern rechnergesteuert in die
Öfen chargiert. Die Ofentore trennen die Abkühlkammer gasdicht ab, so dass die
Atmosphären in drei verschiedene Bereiche getrennt sind. Die Blechtemperaturen
während des Aufheizens und Abkühlens wurde zuvor an Dummyproben mit
aufgepunktetem Thermoelement gemessen und somit die relevanten Kenndaten
bestimmt. Während der Glühversuche wird lediglich in der Abkühlzone die
Oberflächentemperatur der Proben pyrometrisch gemessen.
12.2.2 Werkstoffe
Walzharte Blechproben (200×80×0.8 mm3) wurden aus industriell kaltgewalztem IF-
Stahlband geschnitten und vor den Glühversuchen im Ultraschallbad gesäubert, Tabelle
5.1.
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12.2.3 Glühzyklen und Glühatmosphären
Die Proben wurden bei 810°C mit verschiedenen Gasatmosphären geglüht. Als Referenz
wurde Glühzyklus 1 mit Schutzgasatmosphäre gewählt. Im Vergleich dazu wurden
Blechproben nach veränderten Glühvarianten wärmebehandelt. Die veränderten
Glühzyklen zeichneten sich durch verschiedene Carburiervarianten aus, dabei wurden
sowohl die Carburierstärke als auch die Einwirkdauer variiert, Tabelle 5.2.
• Als Referenzglühzyklus wurden die Proben unter Formiergas (N2-7%H2,
Taupunkt –38°C) in 40s auf 810°C aufgeheizt und anschließend rekristallisiert.
Die Haltezeit betrug 160s für Stahl A und 120s für Stahl C, Bild 5.1, Glühzyklus
1.
• Glühzyklus 2 wurde in zwei Teile unterteilt, Bild 5.2. Im ersten Schritt wurden
die Proben unter Schutzgas bei 810°C für unterschiedliche Zeiten rekristallisiert.
Im zweiten Schritt wurde eine Aufkohlungsbehandlung durchgeführt, wobei die
gesamte Wärmebehandlungsdauer mit 160s konstant gehalten wurde,
(Wärmebehandlungsdauer = Glühdauer unter Formiergas + Carburierdauer). Die
Glühzeit unter Formiergas wurde variiert mit 150s, 140s, 130s, 120s und 100s.
Entsprechend wurden die Carburierzeiten gewählt: 10s, 20s, 30s, 40s und 60s,
Tabelle 5.2.
• Glühzyklus 3, die Proben wurden zuerst unter Schutzgasatmosphäre (N2-7%H2)
rekristallisiert und direkt im Anschluss aufgekohlt. Die
Wärmebehandlungsdauer wurde mit 160s (Stahl A) und 120s (Stahl C) konstant
gehalten, Bild 5.3. Die Aufkohlungszeit wurde variiert, wobei die
Gesamtglühdauer für die Stähle A und C jeweils konstant gelassen wurde,
Tabelle 5.2. Für Stahl A betrug die Glühzeit unter Schutzgas 120, 80, 40 und 0s,
während die Carburierdauer 40, 80, 120 und 160s lang angesetzt wurde, so dass
die gesamte Haltezeit bei 160s lag. Stahl C wurde 110, 100, 90, 80 und 60s lang
unter Schutzgas rekristallisiert, während die Carburierzeit 10, 20, 30, 40 und 60s
betrug, die gesamte Haltezeit lag bei 120s.
• In Glühzyklus 4 wurde unter Carburieratmosphäre in ca. 40s aufgeheizt und
160s auf der Glühtemperatur 810°C gehalten, Bild 5.4.
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• In Glühzyklus 5 wurden aufgekohlte Proben des Stahl C im ersten Schritt wie im
Glühzyklus 3 wärmebehandelt (10s carburiert in 40%CO-40%H2-N2) und
anschließend in einem zweiten Schritt unterschiedlich lange (40s, 80s, 120s,
240s) bei 480°C überaltert und danach in Öl abgekühlt. Es konnte eine
Veränderung der Kohlenstoffgradienten beobachtet werden, Bild 5.5.
• Glühzyklus 6a, b, c: Proben wurden im ersten Schritt stark aufgekohlt (wie
Glühzyklus 3: 60s in 40%CO-40%H2-N2), bis sich eine dünne Austenitschicht
gebildet hatte, die mit Kohlenstoff angereichert war. Im zweiten Schritt wurden
die Proben auf 835°C aufgeheizt und mit verschiedenen Abkühlraten mit 150K/s
(a: Wasserabkühlung), mit 53K/s (b: Ölabkühlung) sowie mit 8K/s (c:
Luftabkühlung) abgekühlt, Bild 5.6.
Die Schutzgasatmosphäre bestand aus Formiergas: 7%H2-N2 mit einem Taupunkt von –
38°C. Die Aufkohlungsexperimente wurden mit unterschiedlichen Carburieratmosphären
durchgeführt, jeweils durch die CO-H2-N2-H2O-Gehalte charakterisiert. Die reaktiven
Atmosphären enthielten neben N2 sowohl geringe CO-Gehalte von 4 und 6 % als auch
mittlere und hohe CO-Anteile von 12% bis zu 50%, wobei das CO/H2-Verhältnis bis auf
die zuerst genannten Atmosphären bei 1 lag. Mit steigendem CO-Anteil stieg ebenfalls
der Taupunkt von –33°C auf –1°C an, Tabelle 5.4.
12.3 Ergebnisse
12.3.1 Metallografie
Gefügeuntersuchungen zeigen den Einfluss des Beginns der Carburierbehandlung im
Vergleich zur Referenzglühung unter Schutzgas. Bild 6.1 zeigt ein homogen
rekristallisiertes ferritisches Gefüge einer unter Schutzgas 160s lang geglühten Probe des
Stahls A.
Wird die Aufkohlungsbehandlung mit 6%CO-7%H2-N2 durchgeführt, so können die
zugeführten Kohlenstoffatome das Kornwachstum zwar behindern, aber eine
gleichmäßige Rekristallisation kann dennoch erreicht werden, Bild 6.2. Wenn eine starke
Carburierbehandlung mit 25%CO-25%H2-N2 bereits während des Aufheizens beginnt
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und danach 160s lang weiter aufgekohlt wird, kann der oberflächennahe Bereich der
Probe nicht vollständig rekristallisieren, das Gefüge zeichnet sich durch länglich
verformte Körner im Randbereich aus. Dies ist auf die zugeführten interstitiellen Atome
zurückzuführen, die Korngrenzenbewegung bei der Rekristallisation be- oder verhindern.
Im inneren Bereich der Probe ist hingegen ein homogen rekristallisiertes Gefüge sichtbar,
Bild 6.3. Unter dem Gesichtspunkt guter mechanischer Eigenschaften, sollte der Anfang
einer Aufkohlung von IF-Stahl nach Beginn, besser noch nach dem Ende der
Rekristallisation ablaufen.
Bild 6.4 zeigt eine REM-Aufnahme bei 1050facher Vergrößerung einer 60s lang mit
50%CO-50%H2 aufgekohlten C-Probe. Im Randbereich ist eine ca. 18 µm dicke
Perlitschicht zu sehen. Unterhalb der Perlitschicht befinden sich an den Korngrenzen des
Ferrits kleine kraterförmige Vertiefungen, die darauf hinweisen, dass dort bei der
Präparation Carbide herausgeätzt wurden. Bei 810°C wurde nach der Rekristallisation
eine Carburierbehandlung mit einem hohen Kohlenstoffpegel für 60s durchgeführt.
Nachdem die Oberfläche mit Kohlenstoff gesättigt war, entstand eine Austenitschicht mit
höherer Löslichkeit für Kohlenstoff. Bei einer Abkühlrate von 25K/s wandelte der
Austenit perlitisch um.
Proben des Stahl C wurden in zwei Schritten wärmebehandelt. Im ersten Schritt wurden
die Proben 60s lang in 40%CO-40%H2-N2 aufgekohlt (wie Glühzyklus 3), so dass sich
eine Austenitschicht von 25µm gebildet hatte. In einem zweiten Schritt wurden die
Proben 45s lang bei 835°C geglüht und anschließend unterschiedlich abgekühlt. Dabei
wurden Abkühlraten von 150K/s mit Wasser, 53K/s mit Öl sowie 8K/s mit Luft erzielt.
Mit der höchsten Abkühlrate konnte eine rißfreie Martensitschicht erzeugt werden. Der
Übergang von der Martensitschicht zum rekristallisierten Ferrit war scharf, Bild 6.5. Die
Ölabkühlung führte zu einer bainitischen Struktur in der 25µm dicken Schicht, wobei
einige perlitische Teile in den Ferrit hineinragen. Im Gegensatz zum Übergang Martensit-
Ferrit, ist der Übergang des Bainit/Perlit zum Ferrit nicht so scharf, Bild 6.6. Im Fall der
langsamsten Abkühlung an Luft entstand eine ferritische Struktur mit Perlit auf den
Korngrenzen. Die Korngröße des Ferrits ist in der 25µm dicken Schicht deutlich kleiner
als darunter, Bild 6.7.
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12.3.2 Kohlenstoffgradienten
Die mit GDOS bestimmten Kohlenstoffprofile der in 50%CO-50%H2 Atmosphäre 60s
lang carburierten C-Proben zeigen im oberflächennahen Bereich eine hohe
Kohlenstoffkonzentration, die zwischen 6500 und 4500 Massen- ppm liegt, Bild 6.23.
Unterhalb dieser Schicht fällt der C-Gehalt auf Werte von 400 bis 300 Massen- ppm ab.
Nach der Blechabkühlung war kein Ruß o.ä. an der Oberfläche sichtbar, die Probe war
metallisch blank. Bei niedrigeren CO-Gehalten im Aufkohlungsgas fiel die
Austenitschicht geringer aus oder wurde nicht gebildet. Bild 6.22 zeigt die selben
Kohlenstoffprofile wie zuvor, nur wurde ein anderer Bereich für den Kohlenstoffgehalt
gewählt. Es ist zu erkennen, wie der resultierende Kohlenstoffgehalt im Ferrit mit
steigender Carburierwirkung anstieg. Bei einer C-Probe, die in 12%CO-12%H2-N2
Atmosphäre geglüht wurde, fällt der Randkohlenstoffgehalt bereits nach ca. 30µm fast
auf das Grundniveau von 40 Massen ppm ab. Bei stärker carburierten Proben ist mit
einem deutlichen Abfall der C-Konzentration erst in größeren Abständen von der
Oberfläche zu rechnen. Außerdem ist für einige Kohlenstoffprofile von der Oberfläche
kommend ein relatives Minimum zu erkennen; unterhalb dessen steigt die Konzentration
wieder bis zu einem relativen Maximum an, bis ein Konzentrationsabfall wieder sichtbar
ist. Dies ist vermutlich darauf zurückzuführen, dass an der Oberfläche eine
Austenitschicht erzeugt wurde und es zu einer Bergaufdiffusion des Kohlenstoffs
gekommen ist.
12.3.3 Mechanische Eigenschaften
Nach der Carburierbehandlung wurden die Proben um 1.7% dressiert, um eine eventuell
nach der Aufkohlung auftretende ausgeprägte Streckgrenze zu beseitigen.
Carburieratmosphären, die eine geringe Kohlenstoffkonzentration im Randbereich des
aufgekohlten Bleches hervorrufen, führten nur zu geringen Festigkeitssteigerungen, im
Gegensatz zu denen mit hohen Kohlenstoffpegeln, die bei längeren Carburierzeiten von
60s eine starke Erhöhung der Festigkeit bewirkten, Bild 6.46. Die Streckgrenze wurde
stärker von den eingebrachten interstitiellen Atomen beeinflusst als die Zugfestigkeit. Bei
285 Massen ppm Gesamtkohlenstoff wurde ein Maximum in der Streckgrenze
beobachtet. Es wurden maximale Streckgrenzwerte von 230MPa und maximale
Zugfestigkeitswerte von bis zu 380MPa ermittelt. Die Dehnungswerte nahmen mit
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steigendem Gesamtkohlenstoffgehalt ab und erreichten ab etwa 200 Massen ppm
Gesamt-C-Gehalt ein Niveau von etwa 25% Bruchdehnung und 19% Gleichmaßdehnung,
Bild 6.49. Die Abhängigkeit des r-Werts vom Gesamtkohlenstoffgehalt ist in Bild 6.51
dargestellt. Für die Referenzproben ergab sich ein mittlerer r-Wert von 2.7. Für
carburierte C-Proben, die ca. 150 Massen- ppm C enthielten, lag der r-Wert bei 2.3. Für
sehr stark aufgekohlte Proben, bei denen eine Austenitschicht bei 810°C entstand, wurde
immerhin noch ein r-Wert größer als 2 gemessen. Mit steigendem
Gesamtkohlenstoffgehalt ist ein Abfallen der r-Werte deutlich.
Bild 6.52 zeigt den erzielten Bake hardening-Effekt in Abhängigkeit vom
Gesamtkohlenstoffgehalt für Proben des Stahls C, die nach Glühzyklus 3 behandelt
wurden. Ausgewählt wurden die BH2-Werte von den Proben, die mit 12%, 20%, 33.3%
und 50%CO für 10s, 20s, 30s, 40s und 60s aufgekohlt wurden. Der größte Bake
hardening-Effekt betrug 39 MPa, während alle anderen Werte geringer ausfielen. Für die
Proben, die mit 20%CO-20%H2-N2 carburiert wurden, zeigt sich der Trend, mit größerem
Gesamtkohlenstoffgehalt einen geringeren Bake hardening-Effekt zu erzielen. Prinzipiell
ist dann ein Bake hardening-Effekt möglich, wenn ein minimaler Gehalt an interstitiellen
Atomen noch in Lösung vorliegt. Dies setzt voraus, dass in einem Teilvolumen des
Blechs interstitielle Atome eingebracht werden, die nicht von den
Mikrolegierungselementen stabil abgebunden werden.
Mit dem Aufkohlen ist eine Raumtemperaturalterung, ein Age hardening-Effekt
verbunden, der durch den Streckgrenzenunterschied nach einer Wärmebehandlung bei
100°C/1h charakterisiert ist, Rp0,2(nach 100°C/1h)- Rp0,2. Bei dieser Untersuchung zeigten
sich Alterungspotentiale bis zu 24 MPa, Bild 6.53.
Zum Beispiel wurde für eine Probe des Stahls C, die in 20%CO-20%H2-N2  40s lang
aufgekohlt wurde, Glühzyklus 3, ein Gesamtkohlenstoffgehalt von 136 Massen ppm C
mit dem folgenden Eigenschaftsprofil erzielt: BH2=30MPa, AH=15MPa, Rp0.2=187MPa,
Rm=337MPa, Ag=20%, A50=29%, r-Wert=2.4, n-Wert=0.21.
Der Widerstand gegen eine Versprödung bei einer weiteren Umformung (secondary work
embrittlement: SWE) konnte durch eine Carburierung verbessert werden. Proben, die 40s
lang in 20%CO-20%H2-N2 aufgekohlt wurden (Glühzyklus 3), zeigten im Vergleich zum
Kurzfassung 12-8
Referenzzustand eine um –60K niedriger liegende Übergangstemperatur vom duktilen
zum spröden Materialverhalten, Bild 6.65.
12.4 Schlussfolgerungen
Interstitial Free (IF) Stähle sind durch das Fehlen von interstitiellen Atomen wie
Kohlenstoff und Stickstoff charakterisiert. IF Stähle enthalten eine ausreichend hohe
Menge an carbonitridbildenden Elementen wie Ti, Nb und V in Lösung. Dadurch werden
Eigenschaften wie eine hervorragende Tiefziehfähigkeit mit hohen r0°-Werten und
Alterungsfreiheit ermöglicht. Jedoch haben diese Stähle einige Nachteile wie
beispielsweise eine
• generell niedrige Festigkeit,
• eine hohe Reaktivität in den Korngrenzen während des Galvannealing, was zu
spröden intermetallischen Phasen zwischen Fe und Zn sowie dadurch zu Outburst
führt,
• ein recht niedriger Widerstand gegen Versprödung bei einer zweiten Umformung,
hervorgerufen durch das Fehlen von interstitiellen Atomen.
Die Möglichkeiten und Grenzen des reaktiven Glühens während der kontinuierlichen
Wärmebehandlung von Stahlblech wurde untersucht. Folgende Schlussfolgerungen
konnten aus den Ergebnissen gezogen werden: Das Einbringen von interstitiellen Atomen
wie Kohlenstoff während der kontinuierlichen Glühung von Stahlblech steigert die
mechanische Festigkeit. Um jedoch vollrekristallisierte Körner mit einer guten (111)
Textur zu erhalten, sollte die Carburierung erst nach der Kornneubildung einsetzen.
Wenn eine Carburierung bereits vor der Kornneubildung durchgeführt wird, kann die
Rekristallisation an der Oberfläche behindert oder verhindert werden. Als Ergebnis
entsteht eine teilrekristallisierte Oberfläche mit einem vollrekristallisierten Kern, was die
Gleichmaßdehnung und Bruchdehnung sowie den n- und r0°-Wert verschlechtert.
Streckgrenze und Zugfestigkeit von Ti-IF Stahl kann in einem großen Bereich von 120
bis 230MPa und 300 bis 380MPa modifiziert werden. Gleichmaßdehnung und
Bruchdehnung werden dadurch erniedrigt von 23 bis 16% und 44 bis 27%. Niedrige CO-
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H2 Gehalte in der reaktiven Gasatmosphäre haben einen größeren Einfluss auf die
Streckgrenze als auf die Zugfestigkeit.
Der Festigkeitsanstieg, hervorgerufen durch den Kohlenstoffgradienten, kann auf
einfache Weise durch Härtemessungen in der Blechdicke gezeigt werden. Entsprechend
der Kohlenstoffgradienten werden im Randbereich im Vergleich zu den Referenzproben
höhere Vickershärten gemessen.
Wenn eine große Menge an Kohlenstoff in einen IF Stahl hineingebracht wird, ist die
Alterungsfreiheit nicht mehr gegeben. Bake hardening verbunden mit Age hardening ist
möglich. Es wurden höhere BH2-Werte sowohl mit niedrigen als auch mit höheren Age
hardening-Werten gefunden und umgekehrt. Zum Beispiel BH2/AH=39/4,
BH2/AH=38/25 und BH2/AH=3/33. Nach einer Alterungsglühung für 240s bei 480°C
konnte der Age hardening-Effekt reduziert werden, wobei der Bake hardening-Effekt
noch mit 27MPa auftrat.
Der r0°-Wert wurde durch die Carburierung nur gering beeinflusst, auch wenn eine
perlitische Schicht an der Oberfläche gebildet wurde. Zum Beispiel wurde nach 60s
Carburieren ein r0°-Wert von 2 gemessen, wobei der Gesamtkohlenstoffgehalt von 40
Massen ppm C auf 630 Massen ppm C anstieg.
Der Kohlenstofffluss in das Blechinnere ist proportional zum Kohlenstoffpegel in der
reaktiven Gasatmosphäre. Mit steigenden CO-H2 Gehalten in Verbindung mit einem
niedrigen Taupunkt ist die Kohlenstoffaufnahme erhöht. Dagegen ist die
Kohlenstoffaufnahme erniedrigt, wenn niedrigere CO-H2 Gehalte und/oder ein höherer
Taupunkt im reaktiven Gas vorhanden sind.
Die Aufkohlungsbehandlung mit CO-H2-H2O-N2 Gasgemischen macht eine Veränderung
der oberflächennahen Bereiche von Ti-IF Blech in nur wenigen Sekunden möglich, da
die verwendeten Gasmoleküle eine hohe Reaktionsrate aufweisen. Der Kohlenstoffpegel
im Gas bestimmt die Kohlenstoffaktivität der Blechprobe mit dem Gleichgewicht der
Atmosphäre. Wenn der Kohlenstoffpegel im Gas größer ist als der Kohlenstoffgehalt bei
der A3-Temperatur wandelt der Ferrit zu Austenit um. Wenn der Kohlenstoffpegel größer
ist als der Kohlenstoffgehalt bei der Accm-Temperatur, so wird Ruß gebildet. Durch eine
Aufkohlung kann eine Austenitschicht von 25µm Dicke bei 810°C gebildet werden,
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wenn der Kohlenstoffpegel im Gas nur ausreichend groß ist. Dies ist mit einer hohen
Kohlenstoffkonzentration im Inneren bei einer Tiefe von 250µm verbunden. Unterhalb
des Steilabfalls fällt der Kohlenstoffgehalt auf Werte von 400 Massen ppm und weiter bis
zur Ausgangskohlenstoffkonzentration von 40 Massen ppm. Wenn keine Austenitschicht
entsteht, kann ein moderater Kohlenstoffgradient gebildet werden. Zum Beispiel fällt ein
moderater Kohlenstoffgehalt, der in einer Tiefe von 2µm unter dem Steilabfall eine
Kohlenstoffkonzentration von 100 Massen ppm aufweist, auf 40 Massen ppm C in einer
Tiefe von 10µm.
Die Kohlenstoffaufnahme führt zu einem Kohlenstoffgradienten, der sich in drei
Bereiche einteilen lässt:
1. Eine stark an Kohlenstoff angereicherte Oberfläche mit einer Konzentration von
3000-8000 Massen ppm C bis zu einer Tiefe von 0,5µm bis zu 25µm.
2. Unterhalb dieser Schicht liegt ein Steilabfall innerhalb weniger µm.
3. Unterhalb des Steilabfalls liegt ein gering ausgeprägter Kohlenstoffgradient, der weit
in die ferritische Matrix reicht.
IF Stähle sind bekannt für ihre Empfindlichkeit gegen Sprödbruch beim Kaltumformen,
hervorgerufen durch das Fehlen ausreichender Adhäsionskräfte in den Korngrenzen, weil
gelöste interstitielle Atome fehlen. Eine Aufkohlungsbehandlung während der
kontinuierlichen Glühung von Ti-IF und P-Ti-IF Stahl kann den Widerstand gegen eine
Versprödung bei einer zweiten Umformung (SWE) signifikant verbessern. Es wurde die
Übergangstemperatur, bei der das Material vom duktilen zum spröden Verhalten
wechselt, für einen aufgekohlten Ti-IF Stahl im Drop Weight Test um 60K erniedrigt.
Zusammenfassung 13-1
13 Zusammenfassung
Interstitial Free (IF) Stähle sind Stähle mit niedrigem Kohlenstoffgehalt (ca. 40
Massen ppm C), die einen genügend hohen Gehalt an carbonitridbildenden Elementen
wie Ti, Nb und V enthalten, um sehr gute Tiefzieheigenschaften mit Alterungsfreiheit
zu garantieren. Diese Stähle haben allerdings einige Nachteile wie beispielsweise eine
generell niedrige mechanische Festigkeit, eine hohe Reaktivität in den Korngrenzen
während des Galvannealing, die zu spröden intermetallischen Phasen zwischen dem
Eisen und dem Zink führen. Außerdem ist der Widerstand gegen eine Versprödung bei
einer zweiten Umformung gering, weil interstitiell gelöste Atome in den Korngrenzen
fehlen.
Ein Mittel könnte eine bestimmte Menge an gelöstem Kohlenstoff sein, speziell in der
Oberfläche. Die Möglichkeiten und Grenzen einer Eigenschaftsveränderung an der
Oberfläche von Ti-IF Stählen durch eine Kurzzeitglühung in reaktiver Gasatmosphäre
wurde untersucht. Als reaktive Gasatmosphären wurden Gasmischungen aus CO, H2
und N2 verwendet um die Oberfläche zu carburieren, wobei die Blechmitte
unbeeinflusst blieb. Die Ergebnisse können folgendermaßen zusammengefasst werden:
• Das Einbringen von interstitiellen Atomen wie beispielsweise Kohlenstoff während
der kontinuierlichen Glühung führt zu einer Festigkeitssteigerung. Um jedoch ein
vollständig rekristallisiertes Gefüge mit einer hervorragenden (111) Textur zu
erhalten, sollte die Carburierung nach dem Einsetzen der Kornneubildung
beginnen. Wenn die Carburierbehandlung beginnt bevor eine Kornneubildung
begonnen hat, wird die Rekristallisation an der Oberfläche verzögert oder sogar
verhindert. Als Ergebnis entsteht ein teilrekristallisiertes Gefüge an der Oberfläche,
das die Gleichmaß- und Bruchdehnung, n-Wert und r0°-Wert verschlechtern wird.
• Eine kurze Carburierbehandlung während der kontinuierlichen Glühung von Ti-IF
und P-Ti/Nb-IF Stahl kann den Widerstand gegen eine Versprödung bei einer
zweiten Umformung signifikant erhöhen.
• Die mechanischen Eigenschaften von Ti-IF Stahlblech konnten in weiten Grenzen
verändert werden. Beispielsweise konnten Streckgrenzwerte zwischen 120 und
230MPa und Zugfestigkeitwerte zwischen 300 und 380 MPa erzielt werden. Die
Gleichmaßdehnung lag zwischen 23 und 16%, die Bruchdehnung zwischen 44 und
27%.
• Der r0°-Wert wurde durch eine Aufkohlung nur leicht beeinflusst. Eine
hervorragende (111) Textur konnte sich einstellen, da die Carburierbehandlung
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nach der Kornneubildung einsetzte. Fast alle gemessenen r-Werte lagen im Bereich
zwischen 3 und 2.
• Je höher der Kohlenstoffpegel der Gasatmosphäre gewählt wurde, desto größer war
auch die Kohlenstoffaufnahme. Das konnte dazu führen, dass sich eine
austenitische Oberflächenschicht gebildet hatte, die eine wesentlich höher
Löslichkeit für Kohlenstoff hatte als Ferrit. Jedoch war die Ausbildung einer
Austenitschicht mit einem hohen Kohlenstoffgehalt in einer Tiefe von 250µm
verbunden. Bereits nach 60s konnte ein maximaler Kohlenstoffgehalt von 650
Massen ppm ermittelt werden.
• Wenn keine Austenitschicht erzeugt wurde, konnte ein schwächerer
Kohlenstoffgradient zwischen Oberfläche und Probenmitte erzeugt werden. Zum
Beispiel betrug der Randkohlenstoffgehalt nach 10s Aufkohlung in 12%, 20% und
33%CO enthaltener Atmosphäre 100 bis 150 Massen ppm, während der
Kohlenstoffgehalt in der Mitte unverändert bei 40 Massen ppm lag.
Aufkohlungsatmosphären, die 12% und 20% CO enthielten zeigten einen
Kohlenstoffabfall in einer Tiefe von 10µm zum Grundkohlenstoffgehalt von 40
Massen ppm.
• Wegen einer genügend großen Menge an aufgenommenen Kohlenstoff konnte in
Ti-IF Stahl ein Bake hardening-Effekt erzeugt werden. Hohe BH2-Werte von 30 bis
40 MPa konnten sowohl mit geringen Age hardening-Werten als auch mit hohen
von 20 MPa bestimmt werden.
Die Kohlenstoffaufnahme erzeugt Kohlenstoffgradienten, die in drei Bereiche
unterteilt werden können:
1. Eine stark mit Kohlenstoff angereicherte Oberflächenschicht, die Konzentrationen
zwischen 3000 und 8000 Massen ppm in einer Tiefe von 0,5 bis 25µm aufweist.
2. Ein Steilabfall, bei dem die Kohlenstoffkonzentration auf Werte abfällt, die
zwischen 400 Massen ppm und Grundkohlenstoffgehalt liegen, abhängig von der
Carburierstärke und -dauer.
3. Der nächste Teil ist dadurch charakterisiert, dass der Kohlenstoffgehalt in der
ferritischen Matrix leicht abfällt. Dieser Bereich kann weit ins Innere der Probe bis
250µm und weiter hinein reichen. Das bedeutet, dass bei sehr starken
Aufkohlungsbedingungen mehr als 60% der Blechdicke eines 0,8mm dicken Ti-IF
Blechs in 60s bei 810°C aufgekohlt werden kann.
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